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Dendritic cells (DCs) are potent antigen presenting cells (APCs) that link the innate and 
adaptive immune system by their unique ability to induce and direct immune responses 
towards various T helper (Th)-type of immune responses such as Th1-, Th2-, Th9-, Th17-
, Th22- or T regulatory (TR). The type of Th response generated very much depends on 
the nature of the antigen encountered and allows for an effective and proficient immune 
response. For example, Th1 responses are used to clear intracellular pathogens while Th2 
responses are needed to clear extracellular pathogens The ability to specifically modulate 
Th-responses is an area of intense research, as it allows for the development of more 
effective vaccines and immunotherapeutics. Immunomodulation of DCs is one strategy 
by which specific Th-type immune responses may be tailored. Current research is 
focused on identifying agents that have the capacity to immunomodulate DCs such as 
host defense peptides (HDPs). Apart from their anti-microbial activities, HDPs have a 
number of immune functions including recruitment and subsequent activation of DCs.  
 
The goal of this study was to examine the immunomodulatory effects of HDPs on porcine 
DC functions. This research was part of a larger multinational research project to develop 
a novel adjuvant platform for single-immunization vaccines against pertussis in neonates. 
The pig model was used for this research because of its physiological similarities to 
humans and the recently developed pertussis infection model in young piglets. A series of 
experiments was conducted to characterize and describe porcine DC functions. Two 
subsets of DCs were successfully characterized and tested for their response to 
stimulation with HDPs. Initial results demonstrated a minimal effect of HDPs on DC 
functions, therefore we expanded the number of HDPs used to include both synthetic 
derivatives of HDPs known as innate defense regulators (IDRs) and naturally- occurring 
HDPs. We examined these effects on peripheral blood mononuclear cells (PBMC) in 
vitro and found that HDPs induce expression of the chemokine interleukin (IL)-8, which 
resulted in PBMC recruitment in vitro. We then proceeded to evaluate the HDPs in vivo 
by intradermally administering them into the flank of pigs. Surprisingly, treatment with 
the HDPs did not result in recruitment of neutrophils in vivo. We also examined the 
effects of formulating IDR-1002 as an adjuvant with the academic antigen Keyhole 
 iii 
Limpet Hemocyanin (KLH) on the development of KLH-specific immune responses in 
vaccinated pigs. While there was no difference in antibody titers between vaccinated and 
control animals, we found that co-formulation with IDR-1002 decreased both antigen-
specific and mitogen-induced proliferation in KLH/IDR-1002 vaccinated animals as long 
as four weeks post-treatment. These results demonstrate that specific IDRs can suppress 
certain aspects of the pro-inflammatory immune response making them potentially highly 
versatile tools to modulate and tailor the immune response in disease states characterized 
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Chapter 1 LITERATURE REVIEW 
 
1.1 Dendritic cells 
 
DCs were initially observed and characterized in murine peripheral lymphoid organs by 
Dr. Ralph Steinman in 1973 [1, 2]. Since then, DCs have been identified as an important 
link between the innate and adaptive immune system [3, 4]. As potent APCs, DCs are 
located at sites of pathogen entry in the periphery and in primary and secondary lymphoid 
tissues, where they are specialized in antigen uptake and processing. Subsequently, 
antigen is presented via the molecules of the major histocompatibility complex (MHC)I 
or MHCII for the engagement and activation of T lymphocytes (T cells), important 
members of the adaptive immune system. The functions attributed to DCs include 
playing a role in preventing or limiting infectious diseases, allergy, autoimmunity and 
graft rejection [5]. As such, DCs are being used in the design of novel vaccines and 
immunotherapeutic agents for cancer and autoimmune diseases. Accordingly, by 
modulating DC activity, we hypothesize that it is possible to modulate adaptive immune 
functioning. For this reason we chose to examine DC behavior in response to stimulation 
by various HDPs in pigs. 
 
DCs can be categorized as plasmacytoid DCs (pDCs) or conventional DCs (cDCs), which 
can be further sub-classified as migratory, lymphoid tissue-resident, monocyte-derived 
(Mo) and inflammatory DCs. pDCs differ from cDCs both phenotypically and 
functionally [6-8]. In the following section, some of these differences will be discussed in 
both human and murine models. Finally, porcine DC subsets, their morphology and 
behavior will be discussed. 
 
1.1.1 Plasmacytoid dendritic cells 
 
Historically, pDCs were known as interferon-producing cells (IPCs) and had been 
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characterized based on their robust type 1 interferon (IFN) production [9], as compared to 
other accessory cells present in human PBMC [10]. Further characterization of IPCs 
established them as being DCs [11, 12]. At steady state, IPC resemble plasma cells in 
appearance until they are activated, subsequent to which they develop the classical DC 
morphology of cytoplasmic extrusions and an irregularly shaped nucleus [13]. In the 
following paragraphs, DCs in general will be described with regards to their phenotype, 
migration, receptor expression, cytokine production, antigen uptake and T cell 
stimulatory capacity.  
 
1.1.1.1 pDC cell surface marker expression 
Phenotypically (i.e. in regard to cell surface marker expression) there are several 
commonalities between human and murine pDCs. Neither express various T cell related 
antigens (CD3, CD8β or the T-cell receptor), B cell related antigens (CD19, CD20 or 
surface antibodies) or myeloid related antigens (CD14 and CD11b) [12, 14-16]. Both 
however express co-stimulatory molecules MHCI and MHCII, CD40, CD54, CD80 and 
CD86 [16]. In contrast human pDCs are positive for CD4, CD123 (IL-3R), blood 
dendritic cell antigen (BDCA)2 (also known as CD303), BDCA4 and immunoglobulin-
like transcript 7 (ILT7) [12, 15, 17, 18]. Murine pDCs, unlike those of humans, are 
positive for sialic-acid-binding immunoglobulin-like lectin H (Siglec-H) (endocytic 
marker), CD45R (B220), Ly6C and CD11clow. Human blood pDCs express chemokine 
receptors (CCRs)-2, -5 and -7 and C-X-C chemokine receptor type (CXCR)-3 and -4 [19] 
and mouse pDCs express CCR1, CCR5, CCR7, CXCR3 and CXCR4 [20]. The 
expression of these chemokine receptors is crucial for DC migration.  
 
1.1.1.2 Migration of pDCs 
 
The migration of pDCs from the periphery into lymph nodes (LNs) remains unclear. LNs 
can be accessed either via afferent lymphatic vessels or via high endothelial venules 
(HEVs), but the route by which pDCs access LNs remains controversial. In humans, 
pDCs have been shown to roll and adhere to HEVs in a L-selectin dependent manner and 
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migrate into T cell areas of the LN [15, 21]. Cella et al. (1999) observed pDCs in the 
HEV lumen and in inflamed LNs [15] corroborating the hypothesis that human pDCs 
enter LNs via HEVs. Further, studies in sheep and pigs determined that pDCs were 
detectable in afferent lymph [22]. In contrast, rat pDCs treated with Toll-like receptor 
(TLR) 9 agonists were not observed in intestinal or hepatic afferent lymph [23] 
suggesting that pDCs do not travel via lymphatics. In mice, however, pDCs do not 
migrate via afferent lymphatic vessels but instead enter inflamed lymph nodes via HEVs 
[7]. Further, studies have shown that during steady state, murine pDCs do not 
transmigrate into the LNs [21], however, in the case of an inflammatory stimulus such as 
intranasal administration of influenza virus in mice, pDCs can be observed in LNs, as 
suggested by a decrease in pDCs in the blood and increase in the number of pDCs present 
in mediastinal LNs [24]. Within the LNs, pDCs are located in the T cell area and red pulp 
with limited numbers present in the marginal zone. Six hours following injection into the 
retro-orbital vein with TLR9 agonists, CpG oligodeoxynucleotides (ODNs), murine 
spleen pDCs formed clusters in marginal zones in the T cell area [25]. A similar finding 
was made following infection with murine cytomegalovirus (MCMV) [25] and confirmed 
that pDCs can migrate into LNs. In summary, pDC migration to LNs in humans and mice 
occurs via HEVs and is dependent on the expression of selectins and chemokine 
receptors.  
 
1.1.1.3 pDC expression of pattern recognition receptors  
pDCs express a multitude of surface receptors, which allow them to respond to a wide 
variety of invading organisms. Examples of these receptors include BDCA2, a C-type 
lectin, ILT7, NKp44 (an Ig-like receptor), dendritic cell immunoreceptor (DCIR) and 
FcεRIα (high-affinity Fc receptor for IgE) and TLRs [14]. In contrast to mice, human 
pDCs do not express TLR2, TLR3, TLR4 or TLR5 and therefore human pDCS cannot 
respond to agonists for these receptors such as peptidoglycans, LPS, flagellin, or double-
stranded ribonucleic acid (RNA), respectively [26]. Both human and mouse pDCs 
express TLR7 and TLR9 which detect single stranded (ss) RNA and deoxyribonucleic 
acid (DNA) from viruses and bacteria, respectively. Thus human and mice pDCs can 
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detect bacteria, viruses and synthetic agonists [27]. TLR engagement triggers a signaling 
cascade that involves various adapter proteins, including myeloid differentiation primary-
response gene 88 (MyD88), TIR-domain containing adaptor protein (TIRAP) and TIRAP 
inducing IFN-β (TRIF) and TRIF-related adaptor molecule (TRAM). Mobilization of 
these adapter proteins activates nuclear factor (NF)-κB, mitogen-activated protein kinases 
(MAPKs) and IFN regulatory factors (IRFs) that subsequently induce production of 
cytokines, chemokines and up-regulation of co-stimulatory molecules [27, 28]. For 
example, in response to TLR9 stimulation by CpG class A and C ODNs, pDCs produce 
large amounts of IFN-α and subsequently locate to lymphoid tissues to stimulate T cell 
responses [29]. The rapid and extensive production of IFN-α is thought to play a 
protective role during infection by bacteria or viruses.  
 
1.1.1.4 Cytokine production in pDCs  
Type I and type II IFN are the main types of IFN that are produced by pDCs, with type I 
IFN comprising of IFN-α, -β, -ω and -τ and type II IFN consisting of IFN-γ [30]. Type I 
IFNs are produced by most cells with pDCs being the main producers, whereas IFN-γ is 
produced by natural killer (NK) cells, CD4+ Th1 cells and CD8+ cytotoxic T cells [30]. 
The functions of IFNs range from inhibiting viral proliferation to modulating B [31] and 
T [32] cell responses  and activation of NK cells [33].  
 
1.1.1.5 Antigen uptake in pDCs  
With regards to antigen uptake and presentation, antigen can be taken up either in a 
receptor-mediated manner or via endocytosis. Antigen then depending on whether it is 
endogenously or exogenously derived is presented on either MHCI or MHCII. 
Endogenous and exogenous antigen can be presented via MHCI while exogenous antigen 
is presented via MHCII [34]. pDCs in both humans and mice have been demonstrated to 
take up and present endogenous and exogenous antigen. In mice it has been demonstrated 
that pDCs preferentially take up and present endogenous antigens (soluble proteins) as 
opposed to extracellular or exogenous antigens [8]. A reason for this is due to the manner 
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in which MHCII is regulated [35]. In pDCs MHCII is continuously turned over even 
following activation. This means that stable complexes of exogenous antigen for 
presentation are not available. In contrast to exogenous peptide, endogenous peptides are 
continuously presented. In mice it was shown that despite the high turnover of MHCII, 
pDCs continuously present endogenous peptide derived from viruses [35]. In humans, 
pDCs take up exogenous antigen mostly via receptor-mediated endocytosis [36]. This has 
made human pDCs potential candidates for the targeted delivery of particulate vaccines 
in vivo via receptor-mediated endocytosis [34]. 
 
1.1.1.6 T cell activation by pDCs 
 
Mature pDCs prime naive T cells [8] more strongly than freshly isolated pDCs [37, 38]. 
In contrast to naïve T cells, pDCs regardless of their maturation state are very capable of 
inducing the expansion of memory T cells [39]. When irradiated, splenic pDCs were co-
cultured with human naïve CD4+ T cells, proliferation was lower as compared to pDCs 
co-cultured with antigen-experienced T cells [40]. Such functional differences may be 
related to the lower expression of co-stimulatory molecules, such as CD80/86, by pDCs 
[41]. In mice, it was demonstrated by Sapoznikov et al. (2007) that pDCs can directly 
stimulate T cells [38]. This group used CD11c-diptheria toxin (DTR) transgenic mice in 
which the DTR receptor was under the control of the Itgax (CD11c) gene promoter. 
Endocytosis of diphtheria toxin (DTx) and its subsequent binding to the DTR terminated 
protein synthesis and resulted in the ablation of CD11c cells. In the absence of CD11c 
cells, pDCs were able to prime CD4+ T cells but not CD8+ T cells in the lymph node [38]. 
This study demonstrated that mouse pDCs can prime naïve CD4+ T cells. In summary, 
both human and mouse pDCs have been demonstrated to prime naïve T cells, just not to 
the same extent as cDCs.  
 
Recent evidence suggests that pDCs also play a key role in suppressing immune 
responses. Using a murine model of hapten-specific skin delayed type hypersensitivity 
(DTH), Goubier et al. (2008) demonstrated that oral tolerance relied on liver pDCs to 
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suppress DTH responses. Depletion of these hepatic pDCs abrogated suppressive 
responses in an antigen-specific manner [42]. In addition, pDCs in the thymus have been 
demonstrated to be responsive to thymic stromal lymphopoietin (TSLP) and subsequently 
increase the generation of Forkhead Box P3+ (FOXP3+) TR [43]. The ability of pDCs to 
detect self nucleic acid as well as the chronic production of IFN-α in the absence of viral 
infection was shown in the context of human autoimmune diseases such as Systemic 
Lupus Erythematosus (SLE) [14, 27]. Therefore, in both humans and mice pDCs play a 
role in suppressing immune responses.  
 
1.1.2 Conventional dendritic cells 
 
Conventional (c)DCs are derived from a common myeloid progenitor that gives rise to 
pre-cDCs, which can be divided into migratory and lymphoid tissue-resident DCs. 
Migratory DCs encompass DCs present at dermal, pulmonary and mucosal surfaces that 
act as sentinels and carry antigen from the periphery to LNs. In contrast, lymphoid tissue-
resident DCs do not travel via lymphatics but remain in a fixed location such as the 
thymus or spleen [44]. For a more detailed review of migration of DCs please refer to 
Appendix B for a book chapter that we published on this topic [45]. 
 
In the skin, the epidermis and dermis contain different populations of DCs namely 
Langerhans cells (LCs) and dermal DCs. LCs are present in the epidermis where they 
represent less than 5% of the population of nucleated cells [46] and traverse from the 
dermis to LNs. LCs are phenotypically described as being Langerin+ (CD207, a C-type 
lectin pattern recognition receptor (PRR) involved in carbohydrate moiety recognition), 
EpCAM-, and CD103- [46]. Also, unique to LCs are the presence of intracytoplasmic 
granules known as Birbeck granules. Similarly, both LCs and dermal DCs are Langerin+, 
MHCII+, CD86+, CD11c+ but only dermal DCs are Langerin+, CD103+ and EpCAM- 
[47]. LCs require transforming growth factor (TGF)-β but not FMS-related tyrosine 
kinase 3 ligand (Flt3L) for differentiation, dermal DCs require Flt3L but no TGF-β [48, 
49] demonstrating that these two DC subsets are distinct.  
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LCs are suggested to play a role in humoral responses and are considered T cell 
stimulatory cells. For example, Th1-dependent IgG2a and IgG2c synthesis was increased 
in LC-deficient skin in mice [49]. Because LCs migrate into T cell areas in draining LNs, 
they are thought to play a tolerogenic role. DCs migrate during homeostasis and are 
proposed to constantly present self-antigen to T cells thereby preventing induction of 
auto-reactivity [50]. During inflammation, LCs take up antigen, upregulate expression of 
MHCII and CCR7 and migrate to draining lymph nodes. For example, following 
infection with Leishmania major parasite, mice lacking LCs had higher concentrations of 
IFN-γ and a smaller lesion size compared to control mice suggesting that LCs can play an 
immunosuppressive role [30]. In contrast, dermal DCs are more prominent in directly 
driving CD8+ T cell responses. For example, following epidermal inoculation with 
Herpes simplex virus (HSV)-1, CD8+ DCs, which are involved in class I–restricted 
presentation of HSV antigen, were isolated from the draining brachial LNs [51]. This 
observation raised the question as to whether dermal DCs interacted directly with CD8+ T 
cells or if antigen was received by LN resident CD8+ DCs obtained from migratory DCs. 
LangDTR mice, which express the DTx receptor (DTR) under the control of the Langerin 
promoter, treated with DTx, resulted in ablation of Langerin+ DCs. Using LangDTR mice 
Stoecklinger et al. (2011), demonstrated that following gene gun vaccination dermal DCs 
directly activated CD8+ T cells and also induced more IFN-γ secreting cells [16]. 
Similarly, the priming of CD8+ T cells was also demonstrated in a model of L. major 
infection [52]. 
 
Another type of cDCs are lymphoid tissue-resident DCs, which include spleen and LN 
resident DCs. These DCs originate from cDC precursors in the bone marrow, which then 
migrate to the spleen and LNs where they fully differentiate into cDCs. These DCs 
survey blood and lymphoid tissue for foreign antigens and are known to take up soluble 
antigen from lymphatics until DCs from the periphery arrive in the LN [53]. In contrast to 
migratory DCs, that arrive in LNs in a mature state, cDCs in the lymph node and spleen 
are immature [54].  
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Inflammatory DCs are another type of cDC that can stem from monocytes. Monocytes 
are leukocytes that originate in the bone marrow in a cytokine- and hematopoietic-growth 
factor receptor (Csf-1R; also known as c-fms) dependent manner and that exist in various 
subsets [55]. Monocytes originate in the bone marrow and are recruited into tissues both 
during inflammation and at steady state [56]. This recruitment occurs into the dermis, 
LN, spleen, and mucosal surfaces [57]. Recruited monocytes can subsequently 
differentiate into DCs in vivo [58] during inflammatory conditions and potentially at 
steady state as well [59]. Inflammatory DCs produce inflammatory factors including 
tumor necrosis factor (TNF-α), nitric oxide and reactive oxygen species. DCs derived 
from monocytes originate from a myeloid progenitor whereas pDCs and cDCs derive 
from a common DC progenitor, which stems from a myeloid progenitor [59]. 
 
Given the ease of isolating monocytes, MoDCs have been studied extensively in vitro by 
culturing monocytes in the presence of IL-4 and granulocyte-macrophage colony-
stimulating factor (GM-CSF). In humans, cultured MoDCs express high levels of MHCI 
and II, CD1, FcγRII, CD40, CD80/86, CD44, and intracellular cell adhesion molecule 
(ICAM)-1, but they lack CD14. When human MoDCs were cultured with TNF-α or 
CD40L the expression of MHCI and II, CD80/86, and ICAM-1 was increased [60]. 
Similar to human MoDCs, cultured murine MoDCs display MHCI and II, CD80 and 
CD86, CD40 and ICAM [61]. Cytokines produced by MoDCs following stimulation with 
LPS include TNF-α, IL-6 and IL-12 which, can indirectly increase T cell production of 
IFN-γ and IL-4 [62]. MoDCs are also described as being highly stimulatory in a mixed 
lymphocyte reaction (MLR) [60]. In vivo examination of MoDCs demonstrated that 
MoDCs contributed to CD4+ T cell activation, CD8+ T cell cross priming and bacterial 
killing by TNF-α/iNOS production [57]. TNF-α/iNOS dependent killing was carried out 
by a subset of inflammatory DCs known as TNF-α and iNOS producing DCs (Tip-DCs). 
These DCs are involved in bacterial clearance as was demonstrated using an infection 
model of Listeria monocytogenes [63].  
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1.1.3 Porcine dendritic cells 
 
The pig model is an important experimental model given the similarity between human 
and pigs with respect to their physiology and immune biology [64]. Due to growing 
toolbox of pig reagents becoming available, the field of porcine DC immunobiology has 
significantly expanded. Many porcine DC subsets have been phenotypically described 
and work is underway to describe their function in various contexts. The following 
section provides an overview of various aspects of porcine DCs including subtypes, 
phenotype and functionality.  
 
Porcine DC are comprised of various DC subsets including blood (B) DCs [65], bone 
marrow-derived (BM) DCs [66], Langerhans-type cells [67], MoDCs [66-71], thymus 
DCs [72], LN and spleen DCs  [73],  gut DCs [74] and lung DCs [75].  
 
Similar to humans and mice, porcine BDC subsets are comprised of pDCs and cDCs, 
which constitute approximately 0·1–0·3% of all PBMC [65] and they are present in a 
ratio of 1:0.8 of cDC to pDC [76]. Characterization of an antibody for the swine 
workshop cluster number 3 (SWC3) [77], also known as CD172a, led to BDCs being 
phenotypically described as CD172a+, MHCII+, CD80/86+, CD1+/- and CD14- with pDCs 
being CD4+ and cDCs being CD4- [65]. pDC isolation and characterization has proven to 
be challenging in the pig given the lack a specific cell surface marker to select for this 
cell type. Initially, producers of porcine IFN-α in PBMC in vitro in response to infection 
with transmissible gastroenteritis virus (TGEV) were described as non-T, non-B, MHCII- 
and CD4- [78]. Most studies examining porcine pDCs in PBMC have been characterized 
using CD172a which include pDCs, cDCs and monocytes [79-81]. In our studies, we 
characterized BDCs and MoDCs as CD172a+ expressing cells [82].  
 
1.1.3.1 Porcine pDCs 
Functionally, pDC characterization has been carried out both in vitro and in vivo using 
viruses including classical swine fever virus (CSFV) [76], foot-and-mouth disease virus 
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(FMDV) [83, 84], TGEV [85, 86] pseudorabies virus (PrV) [86], swine influenza virus 
(SIV) [86] and porcine circovirus type 2 (PCV2) [87, 88]. These works have contributed 
much regarding pDC behavior as it relates to IFN production. For example, studies have 
shown that in pigs, IFN regulatory factor 3 (IRF3) and IRF7 regulate IFN-α/β 
production. CSFV induces proteasomal degradation of IRF3 [89] and modulates IRF7 
turnover thereby potentially limiting Type I interferon production at initial sites of 
replication in cDCs, macrophages and epithelial cells [90]. However, during CSFV 
infection pDCs are found in a mature state (increased expression of CD80/86 and 
decreased expression of CD1) in the blood, tonsils and spleens of infected pigs where 
they produce TNF-α and IFN-α [76]. Infection models using FMDV have demonstrated 
that natural IFN producing cells (NIPC) produce high levels of IFN-α when FMDV was 
complexed with antibody thereby demonstrating FcγRII-dependent activation of NIPCs 
[83]. Stimulation of pDCs with CSFV, FMDV, SIV but not PCV resulted in increased 
IFN-α production in vitro and to a lesser extent in vivo [91]. pDCs are also able to 
respond to CpG ODN. Stimulation with class A CpG ODN resulted in the production of 
IFN-α [91] and TNF-α by CD172a+ cell fractions [81]. Data from our laboratory 
demonstrated that while BDCs derived from adult pigs do not produce IFN-α in response 
to CpG ODN stimulation [92], neonatal BDCs produce IFN-α after poly I:C, imiquimod, 
class A or class C CpG stimulation (Gael et al, accepted PLOS ONE). Whether BDCs 
respond differently than pDCs alone in response to stimulation with CpG ODN remains 
to be determined. In summary, with the availability of reagents and tools it has become 
possible to demonstrate that porcine pDCs are producers of IFN-α following their 
stimulation by viruses and CpG ODN.  
 
Porcine blood cDCs can be phenotyped as CD4−, CD14−, CD11R2+, CD1+/-, CD16+/-, 
CD3-, CD5-, CD8-, CD21- and represent 0·2–0·6% of PBMC [65]. Blood cDCs in culture 
up-regulate MHC class II and CD80/86, have endocytic activity and they can promote T 
cell proliferation [65].  
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1.1.3.2 Porcine monocyte-derived DCs 
MoDCs can be phenotyped as CD1+, CD14+/-, CD16+, CD80/86+, CD172a+, MHCI+, 
MHCII+, CD4-, CD3- and CD8- [66, 67]. Porcine MoDCs, similar to mice and humans, 
could be generated by differentiating monocytes using growth factors IL-4 and GM-CSF. 
Porcine MoDCs express TLR4, 5, 7 and 9 [93, 94] and respond to a variety of stimuli 
including PRRSV [95] and various TLR ligands including LPS [66]. Stimulation with 
LPS and TNF-α increased the maturation of MoDCs as seen by an up-regulation of MHC 
class II and a down-regulation of CD1 expression [67]. MoDCs were able to sample 
antigen via both receptor- and non-receptor-mediated endocytosis as demonstrated by 
their uptake of dextran (DX)-fluorescein isothiocyanate (FITC), BSA-FITC and β-
galactosidase (β-gal) immune complexes (ICs) [67]. MoDCs pulsed with the superantigen 
staphylococcal enterotoxin B (SEB) and matured with either TNF-α or LPS were able to 
stimulate T cell proliferation as well as increase the production of the cytokines IFN-γ 
and IL-4 [66].  T cell proliferation was also seen by MoDCs in MLRs [67]. 
 
1.1.3.3 Porcine BM-derived DCs 
 BM cells cultured with GM-CSF and TNF-α or Flt3 can generate both pDCs and cDCs 
[96]. Stimulation of BMDCs with TNF-α and LPS gave rise to an increase in the 
expression CD80/86 respectively, with TNF-α also increasing MHCI and MHCII 




1.1.3.4 Porcine DCs in tonsils, mesenteric LN and spleen 
Populations of cDCs (CD11R1+ and CD172a+) and pDCs (CD4+ and CD172a+) were 
present in large numbers in the spleen. Furthermore, in spleen, LNs and tonsils low levels 
of IFN-α were expressed mostly by pDCs with cDCs being the major producers of TNF-
α in the tonsils [73]. 
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1.1.3.5 Porcine mucosal DCs 
The first description of mucosal porcine DCs was by Makala et al. (1998) whereby a 
MHCII+ population of cells that lack B and T cell markers was identified in Peyer’s patch 
cells [97].  Subsequently, four populations of porcine DCs were identified as follows: 
lamina propria (LP) DCs characterized as CD11b+ and CD172a+, Peyer's patch DCs 
characterized as CD11b- and CD172a+ in subepithelial dome regions, DCs in 
interfollicular regions characterized as CD11b- and CD172a-, whereas MLN DC were 
characterized as CD11b+ and CD172a- [98]. It was also demonstrated that a population of 
intestinal DCs (MHCII+, CD16+ and CD11b+) extended cytoplasmic processes between 
epithelial cells and also that small intestinal DCs were present adjacent to microvilli (M) 
cells [99]. Interestingly, of the four populations identified, only CD11b+ and CD172a+ 
and CD11b+ and CD172a- were present in afferent lymph thereby suggesting that DCs 
migrate from the LP to MLN [98].  
 
1.1.3.6 Porcine pulmonary DCs 
Porcine lung DCs were phenotypically described as CR4+(CD11c), MHCI+, CD80/86+, 
CD172a+, CD1+ and 50% were CD16+ and MHCII +. Functionally, lung DCs were 
capable of dextran and ovalbumin uptake as well as driving T cell proliferation in MLRs 
[75].  
 
1.1.3.7 Porcine dermal DCs 
Characterization of porcine Langerin/CD207 led to the observation that 50–70% of skin 
DCs express Langerin and are therefore LCs. Swine epidermal LCs are CD163- 
CD172a+, CD207+ and Langerin+ [100, 101]. Three dermal DC subsets have been 
characterized, namely: (1) CD163- and CD172a- (2) CD163+ and CD172a+ and (3) the 
CD163lo and CD172a+ DCs [101]. Porcine skin DCs have been phenotypically described 
as CD172a+, CD1+, MHCII+, CD80/86+, S100β+, CD80/86+, CD3-, CD4- and CD8- [102]. 
Functionally, they were able to take up fluorescent-labeled OVA, induce T cell 
proliferation in MLRs and also in antigen specific T cells assays [102].  
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To summarize, our knowledge of porcine DCs and their phenotype, function and 
behavior is constantly increasing as recognition of the pig as a model is growing and 
better and more specific reagents are becoming available.  
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1.2 Host defense peptides  
 
1.2.1 Cathelicidins and defensins 
Hans Boman was one of the first to study HDPs in insects. Driven to find an answer to 
the question how insects survive infection without antibodies and T cells in hemolymph 
[103], Boman began in the 1970s to examine the antimicrobial system of insects. He 
isolated various antibacterial peptides including cecropins and lysozyme in the early 
1980’s [104]. Since then over 700 antimicrobial peptides have been described in 
mammals with their activity ranging from antimicrobial to immunomodulatory [105]. 
HDPs include peptides found in plants, insects, fish, amphibia, bacteria, fungi and 
mammals. They differ in conformation and length, ranging from 6-59 amino acids [106, 
107]. HDPs can be categorized structurally as shown in Table 1-1 [107]. However, recent 
studies have focused predominantly on two main families of HDPs comprised of 
cathelicidins and defensins.  
Table 1-1 Structural characterization of HDPs 
Structural classes of HDPs Examples 
1. Anionic  Dermcidin released from human sweat 
glands 
2. Linear cationic α-helical peptides LL-37- the human cathelicidin 
3. Cationic peptides enriched for specific amino acids Bactenecins (Bac) from cattle  
4. Anionic and cationic peptides that contain cysteine 
residues and form disulphide bonds 
Protegrin from pigs and defensins from 
numerous species 
5. Anionic and cationic peptide fragments of larger 
proteins 
Antimicrobial domains from lysozyme 
and ovalbumin (OVA) 
 
Cathelicidins are characterized by a conserved N-terminal pro-sequence and a variable 
C-terminal region [108] (Figure 1-1). The release of the mature peptide is regulated by 
enzymes, which cleave the pro-peptide into its mature form. For example, neutrophil-
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derived elastase cleaves Bac7 into its mature form [109], whilst the cleavage of LL-37 












Figure 1-1 Cathelicidin structure. 
(Adapted from Nizet et al. (2003) [111]). Cathelicidins are made up of a conserved N-
terminal region and a variable C-terminal region. The conserved region consists of the 
signal peptide and a cathelin domain. The variable region gives each distinct cathelicidin 
its properties due to variations in amino-acid length and composition. Proteolytic 
cleavage of the cathelicidin holoprotein at the cleavage site releases the active form of the 
peptide [108].  
 
Cathelicidins can be grouped into three major peptide groups namely, α-helical, β-sheets, 
and extended peptide structures which are rich in certain amino acids [112, 113] (Table 
1-2). While humans express only one cathelicidin gene which gives rise to the peptide 
LL-37, other species such as pigs express 11 cathelicidin genes [113, 114]. Pigs express 
the most diverse repertoire of cathelicidins [113]. 
 
 





Table 1-2 Structural groupings of Cathelicidins 
 
Structure Peptide Origin 
α-helical BMAP-27, -28, -34 
LL-37/hCAP18 
CRAMP  







β-sheets Protegrin-1, -2, -3, -4, -5 Pig 
Extended peptide structures 
which are rich in certain 
amino acids 
Indolicidin (tryptophan rich) 
Bac-4, -5, -7 
Prophenin-1, -2 (phenylalanine rich) 






(Adapted from Lehrer et al. (2002) [114] and Linde et al. (2008) [112]). Cathelicidins can 
be structurally grouped based on the presence of α-helical or β-sheet conformations or 
enrichment of certain amino acids.  
 
Defensins contain six cysteine residues that form disulfide bridges and comprise three 
families: α-defensins, β-defensins and θ-defensins. Mature peptides range from 18-45 
amino acids, contain three intra-molecular disulfide bridges and have a positive charge. 
In contrast, θ-defensins have a cyclized peptide backbone. The expression of defensins 
differs among species [115, 116] and by cell type. In humans, six α-defensins have been 
identified [117], whereas none are detected in pigs [113]. More than 30 different β-
defensins have been described in humans [118] and 13 in pigs [119]. The expression of θ-
defensins has only been observed in Old World monkeys, lesser apes and orangutans 
[120]. 
 
Defensin gene expression is developmentally regulated. For example, in human neonatal 
lungs, no human β-defensin (hBD)-2 was detected at 18 and 22 weeks gestation as 
compared with 42 weeks of gestation, seven months and 13 years of age. In contrast LL-
37 was expressed in tissues taken from all of the ages sampled [121]. Similarly, Elahi et 
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al. (2006) demonstrated that neonatal piglets failed to express porcine beta-defensin 
(pBD)-1 in their lungs compared to >2 months old pigs, and that expression was 
correlated with protection against infection with Bordetella pertussis [122]. Whereas 
newborn piglets were susceptible to infection, four week old piglets were protected.  
1.2.2 Structure and function  
 
HDPs vary in size, sequence, charge, conformation and structure, hydrophobicity and 
amphipathicity [107]. For example, hBD-3 contains three disulfide bonds, which are not 
required for antimicrobial activity but are necessary for chemotactic functions [123]. In 
contrast, in the case of hBD-1, the reduction of these disulfide bridges was crucial for its 
antimicrobial activity against the fungus Candida albicans and the anaerobic and Gram-
positive commensals Bifidobacterium and Lactobacillus species [124]. In these examples, 
both sequence and structure were essential for biological activity. A hydrophobic 
structure of some HDPs, including hBD-3, has been attributed with increased interactions 
with membranes, cytotoxic and hemolytic effects on eukaryotic cells [125]. Based on 
these observations, novel peptides have been synthesized to possess certain desired 
characteristics. For example, Omiganan, a molecule based on the HDP Indolicidin, is 
undergoing clinical trials for its antimicrobial effects in the prevention of catheter-related 
bloodstream infections and for the treatment of acne [126]. Results demonstrate that 
Omiganan in vitro demonstrates activity against pathogens commonly causing catheter 
associated infections including Gram-positive pathogens such as staphylococci, 
enterococci, streptococci, as well as Enterobacteriaceae [127]. Similar to Omiganan the 
design of novel peptides for their antimicrobial activity may aid in the fight against 
antimicrobial resistance to current antibiotics.  
 
1.2.3 Antimicrobial activity 
 
Several HDPs demonstrate antimicrobial activity against a broad spectrum of bacteria 
through various mechanisms including, disrupting the cell membrane. Models describing 
trans-membrane pore formation include the barrel stave model, the torodial pore 
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(wormhole) model and the (micellisation) carpet model [107]. Some HDPs function by 
binding components of the cell membrane, nucleic acids and proteins [107, 128]. In the 
case of Pseudomonas aeruginosa, cationic α-helical HDPs bind the outer membrane 
protein OprI which triggers peptide internalization followed by membrane permeability 
and subsequent death [129]. HDPs have also been demonstrated to bind surface lipids. 
For example, hBD-3 displayed antimicrobial activity against Staphylococcus aureus by 
binding lipid II, a cell wall precursor, resulting in disruption of cell wall synthesis and 
causing cell wall lesions [130]. Other peptides such as Indolicidin bind inner membrane 
components to mediate the transport of anionic compounds across the membrane [131]. 
Furthermore, Indolicidin has been shown to bind both single- and double-stranded DNA 
[132]. HDPs may also act by binding intracellular proteins. An example is the peptide 
PR39, which was demonstrated to prevent the proteasomal degradation of inhibitor of 
NF-κB alpha, by binding to the 26S proteasome thereby preventing the expression of NF-
κB-dependent genes [133]. Interestingly peptide function may be dependent on their level 
of processing and/or maturity. For example, the immature form of Bac7 was chemotactic 
[134] without any antimicrobial activity, whereas in its mature form it proved 
antimicrobial against Klebsiella pneumoniae and Salmonella typhimurium [109].  
 
1.2.4 Immunomodulatory activity  
 
In addition to their antimicrobial activity, HDPs can recruit immune cells to sites of 
pathogen entry, they can influence adaptive immune responses and they can influence 
DC function. For example, hCAP, the pro-peptide of the human cathelicidin LL-37, has 
been shown to recruit human monocytes [135], neutrophils [135-137], DCs [136] and T 
cells [135, 138]. Human beta defensins 1-4 are chemotactic for human macrophages 
[139], mast cells [139], immature DCs [140], CD4+, CD45RA+ naive and CD8+, but not 
CD4+, CD45RO+ memory T cells [140, 141]. Human α and β defensins have also been 
shown to be chemotactic for human MoDCs [142]. Interspecies effects are also evident, 
for example, the human cathelicidin recruited rat mast cells [143] and the mouse 
cathelicidin CRAMP was chemotactic for human monocytes, neutrophils, and 
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macrophages. Transcriptional profiling demonstrated that bovine and human homologues 
LL-37 and BMAP-27 showed conserved trends towards profoundly suppressing many 
LPS-induced genes and suppression of LPS-induced translocation of NFκB subunits into 
the nucleus of human and bovine monocytic cells [144].  
 
Many of the receptors used by HDPs for immune cell recruitment remain unknown. 
Whereas some defensins have been shown to recruit immature DCs via CCR6 [145, 146], 
both the human and mouse cathelicidins LL-37 and CRAMP act mostly via formyl 
peptide receptor like (FPRL) [135, 147-149].  
 
HDPs influence various components of the adaptive immune system such as lymphocyte 
proliferation, cytokine and antibody production. This was demonstrated in different 
species including mice that were immunized intraperitoneally with either Keyhole Limpet 
Hemocyanin (KLH) alone or in combination with HDPs. Vaccinated animals displayed 
increased serum IgG1, IgG2a and IgG2b responses and splenocytes displayed higher 
proliferation and higher secretion of IL-4 and IFN-γ into supernatants [150]. In another 
study, mice immunized subcutaneously with CpG ODN, polyphosphazene and 
Indolicidin have increased IgG1 and IgG2a titres and IFN-γ secretion [151]. These results 
are consistent using a bovine model in which subcutaneous immunization with 
indolicidin, CpG ODN and hen egg lysozyme (HEL), increase serum IgG titres and IFN-γ 
secretion of PBMC [152]. 
 
Synthetic mimetics of HDPs known as innate defense regulator proteins (IDRs) have also 
been demonstrated to affect adaptive immune response. The intranasal administration to 
mice of a complex of CpG10101-HH2 and detoxified pertussis toxin (PTd) resulted in 
significantly higher levels of IgA as compared to PTd and CpG10101 alone or PTd and 
HH2 alone [153]. The complex of CpG10101-HH2 and PTd also resulted in higher total 
serum IgG titres with a balance seen between IgG1 (Th2 response) and IgG2a (Th1 
response) subclasses [153].	  Further evidence for the CpG-HH2 complex in modulating 
immune responses was seen following the intranasal administration of CpG-HH2 and 
examining mRNA levels in the jejunum of neonatal piglets. Both IFN-γ and IL-12 
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responses were enhanced, whereas IL-4 mRNA levels were reduced demonstrating the 
ability of IDR complexes to contribute towards Th1 type biased immunity [154, 155]. 
Furthermore, CpG-HH2 combined with attenuated PRV resulted in higher PRV-specific 
antibodies of IgG2 isotype as well as Th1 cytokines IFN-γ and IL-12 in pigs [154]. 
Similar results were seen in both adult and neonatal mice whereby the subcutaneous 
administration of a combination of the IDR HH2/CpG ODN and polyphosphazenes 
resulted in higher IgG2a responses [156]. Interestingly, neither of the components alone 
or in a double combination exerted the same effect as the triple combination suggesting 
the importance of synergy in responses using IDRs. The effect of a triple combination of 
PTd-CpG-IDR-and polyphosphazenes was demonstrated using IDR-1002 in a murine 
model. Garlapati et al. (2011) demonstrated that the subcutaneous administration of this 
combination induced higher Th1 type of responses as shown by an increase in the 
cytokines monocyte chemotactic protein (MCP)-1, TNF-α, IFN-α, IL-12 and IL-17 and a 
decrease in IL-10 concentrations [157]. In summary, these studies demonstrated the 
ability of HDPs and IDRs to influence humoral and cell-mediated adaptive immune 
responses. 
 
1.2.4.1 Dendritic cell immunomodulation 
 
Evidence exists demonstrating that cathelicidins and defensins can directly impact both 
DC phenotype and function. Stimulation of immature human MoDCs for 12 hours with 
30 µg/ml of the human cathelicidin LL-37, increased the expression of both MHCII and 
CD86 but had no effect on cytokine production [158]. In a study by Davidson et al. 
(2004), instead of using immature human MoDCs, MoDCs that were still developing 
from monocytes into DCs were exposed to 50 µg/ml of LL-37 for 24 hours. This 
exposure to LL-37 resulted in an increased expression of CD86 and FITC-labeled dextran 
uptake. Also, stimulation of LL-37 treated MoDCs with LPS, increased IL-6 and IL-12 
production, T cell proliferation and T cell production of IFN-γ production [136]. These 
studies demonstrated the ability of LL-37 to modulate human MoDC behavior. Notable, 
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is the temporal aspect of exposure i.e. the effect of pre-treatment as compared to direct 
stimulation.   
 
Aside from modulation by cathelicidins, human MoDCs are influenced by stimulation 
with human α- and β-defensins. Presicce et al. (2009), demonstrated that stimulation of 
human MoDCs with human neutrophil defensin-1, an α-defensin and human β-defensin-
1, increased the expression of the costimulatory molecules CD80, CD86, CD40 and 
MHCII, the production of TNF-α, IL-6, IL-12p70 and enhanced the proliferation of 
allogeneic T cells [142]. Also, related to the effects of α-defensins on human MoDCs, 
Rodriguez-Garcia et al. (2009), observed that the immunomodulatory effects of α-
defensins1-3 were concentration dependent [159]. Stimulation of human MoDCs with 
low concentrations of α-defensins1-3 (0.25- 1 µg/ml) resulted in an upregulation of 
CD86 and MHCII expression, and an increase in TNF-α, IL-1β, IL-12p40, IL-8 and IL-
10 production [159]. In contrast, high doses of α-defensins 1-3 (10-20 µg/ml) 
downregulated the expression of CD86 and MHCII and the production of TNF-α, IL-1β, 
IL-12p40 and IL-10. And low doses of α-defensins 1-3 increased T cell proliferation 
whereas high concentrations decreased it. Results from this study suggest that immune 
responses to HDP may be regulated by the dose of HDP used.  
 
In summary, HDPs demonstrate antimicrobial activity as well as immunomodulatory 






Chapter 2 RATIONALE, HYPOTHESIS, OBJECTIVES AND AIMS 
2.1 Rationale and hypothesis 
 
Dendritic cells are important immune cells required for uptake and presentation of 
foreign antigens, stimulation of both innate and acquired immunity, as well modulation of 
the immune response towards either a Th1, Th2, Th9, Th17, Th22 or TR. Thus, DCs are 
often referred to as a link between the innate and acquired immune response. The ability 
to immunomodulate DCs either via recruitment, antigen uptake and presentation or T cell 
stimulatory ability may represent a key strategy for tailoring immune responses.  
 
While considerable research is underway in murine models to understand DC 
immunobiology, much remains to be examined using larger animal models such as the 
pig. Pigs represent an important animal model, which in many aspects closely resembles 
the human immune system. Therefore, the goal of this project was to characterize porcine 
DC subsets and subsequently determine how to immunomodulate them. Since, HDPs 
have been demonstrated to be immunomodulatory, my hypothesis is that HDPs can 
immunomodulate porcine dendritic cells towards a stimulatory immune response.  
 
2.1 Overall Objective 
Our overall objective was to characterize porcine DC subsets and to immunomodulate 
them with HDPs. Therefore the aims of this project were as follows:  
2.2 Aims 
 
1. To assess the immunomodulatory activity of HDPs on cultured dendritic cells. 
 
a.) Develop protocols to isolate and generate porcine MoDCs and BDCs 
b.) Characterize DCs functionally and phenotypically 
a. Cytokine production 
b. Endocytic ability 
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c. Expression of co-stimulatory molecules  
d. T cell stimulatory ability 
e. Cell surface marker expression 
c.) Examine effects of HDPs on MoDCs and BDCs 
a. Dose Response Assessment  
b. Cell surface marker expression 
c. Cytokine production 
d. Chemokine and chemokine receptor expression 
e. Endocytosis 
 
These aims were expanded to include the following aims given the results obtained from 
our DC work (Appendix A). 
 
2. To determine the immunostimulatory activity of HDPs on isolated PBMC. 
a.) In vitro recruitment  
b.) Cytokine production 
 
 
3. To assess HDP-mediated immune cell recruitment and immune stimulation in 
vivo.  
a.) In vivo recruitment 




Chapter 3 A COMPARISON BETWEEN ISOLATED BLOOD DENDRITIC 
CELLS AND MONOCYTE-DERIVED DENDRITIC CELLS IN PIGS (as 
published in Facci et al., 2010; Immunology) 
 
Facci, M. R., Auray, G., Buchanan, R., van Kessel, J., Thompson, D. R., Mackenzie-
Dyck, S., Babiuk, L. A. and Gerdts, V. Immunology 129(3): 396-405. 
 
Chapter 3 has been published. It is reproduced here with permission of the copyright 
owner (John Wiley and Sons).  
 
All authors participated in the design of the experiments and contributed to writing of the 
manuscript. Auray, Buchanan, van Kessel and Thompson assisted in sample collection. 
All other data presented in this manuscript are the work of the thesis author. 
 
3.1  Abstract 
 
Various dendritic cell (DC) populations exist that differ in their phenotype and ability to 
present antigen to naïve and primed T cells. For example, plasmacytoid DCs (pDCs) are 
less potent T cell activators compared to conventional DCs (cDCs). In the present study 
we compared porcine blood DCs, containing pDCs, and monocyte-derived DCs 
(MoDCs), consisting of cDCs, in their phenotype, ability to uptake antigen, activation 
and maturation and their ability to present antigen to autologous T cells. Pigs represent an 
important animal model, whose immune system in many respects closely resembles that 
of humans. For example, the distribution of toll like receptors on dendritic cells is similar 
to that of humans, in contrast to that of mice. Our results demonstrate that both 
populations were able to endocytose foreign material.  Following lipopolysaccharide 
(LPS) stimulation, CD80/86 and chemokine receptor (CCR)7 expression was increased in 
both populations as was the expression of the CC chemokine ligand (CCL)-2, CCL-4, 
CCL-20 and CXC chemokine ligand (CXCL)-2. Basal protein concentrations of 
interleukins IL-6, IL-8 and tumor necrosis factor (TNF)-α were higher in MoDCs, 
although in response to LPS, BDCs displayed a higher fold increase. Proliferation of 
autologous T cells was induced in an antigen specific manner for both MoDCs and 
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BDCs. Interestingly, while MoDCs were able to induce stronger proliferation in naïve T 
cells, when compared to BDCs, no difference in proliferation was observed when primed 
T cells were studied. These results demonstrate that isolated porcine BDCs are highly 
responsive to stimulation with LPS and functionally able to increase primed T cell 




Dendritic cells (DCs) are important cells of the immune system involved in uptake and 
presentation of foreign antigens, stimulation of both innate and acquired immunity, as 
well as modulation of the immune response towards a Th1, Th2, Th17 or T regulatory 
type of response [160, 161]. At steady state, DC subtypes include type-1 interferon-
producing plasmacytoid DCs (pDCs) and conventional DCs (cDCs), both of which are 
present in lymphoid and nonlymphoid tissues as well as blood [162].  In contrast, 
monocyte-derived DCs (MoDCs) are generated during inflammation [44, 163]. DCs have 
been extensively characterized in a variety of species and protocols for obtaining DC 
subtypes range from in vitro culture methods to direct isolation of DCs from blood and 
tissues. Isolation, however, is complicated in humans and large animal species resulting 
in limited availability for functional studies. In pigs, blood DCs (BDCs) have only been 
investigated in a few studies and very little is known about the function of these DCs in 
antigen presentation and T cell activation. The objectives of the present study were to 
compare directly isolated porcine BDCs to traditionally generated porcine MoDCs in 
terms of phenotype and functionality.  
 
Various porcine DCs have been described including bone marrow-derived (BM)DCs 
[66], Langerhans-type cells [67] and MoDCs [66-71]. MoDCs are the most widely used 
subtype and can be phenotyped as CD1+, CD14+/-, CD16+, CD80/86+, CD172a+, MHCI+, 
MHCII+, CD4-, CD3-, and CD8- [66, 67]. Initially MoDCs were generated by isolation of 
PBMC followed by overnight plastic adherence. Non-adherent cells were then removed 
and the remaining monocytes were cultured in the presence of IL-4 and GM-CSF [66]. 
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More recent protocols, however, involve the isolation of monocytes using antibodies 
against CD14 [95, 164] or CD172a [165], a porcine marker known as SWC3 that is 
present on myeloid cells [166] including cDCs and pDCs [65]. Porcine BDCs, on the 
other hand, comprising of pDCs and cDCs were originally described by Summerfield et 
al. (2003) by flow cytometric analysis of PBMC as being CD172a+, MHCII+, CD80/86+, 
CD1+/-, and CD14- with pDCs being CD4+ and cDCs being CD4- [65]. Subsequently, this 
approach was further developed by isolating BDCs using antibodies against CD172a. 
However, since CD172a is also expressed on monocytes, these enriched BDC 
populations contained not only different DC subtypes but monocytes as well [93]. In the 
present study we adapt previous protocols by initially depleting monocytes and 
subsequently enriching for CD172a to achieve a more pure BDC population.  These 
BDCs were compared to MoDCs in terms of antigen uptake, activation and maturation.  
 
DC maturation occurs upon recognition of microbe-associated molecules pattern and is 
characterized by upregulation of co-stimulatory molecules such as CD80/86 and MHCII, 
various cytokines and the chemokine receptor CCR7 [167] [168]. The process of 
maturation occurs as DCs migrate towards the lymph node where they encounter naïve or 
primed T cells. In porcine MoDCs, stimulation with LPS was demonstrated to decrease 
the expression of CD16, up-regulate the expression of CD80/86 [66, 94, 169] and either 
increase [67] or have no effect [66, 94] on  expression of MHCII. Uptake of FITC-
dextran [67] or DQ-OVA [169] was decreased. Expression of cytokines including IL-6 
[169] and TNF-α [169] was increased. Interestingly, transcripts for IL-10, IL-13, IFN-γ 
and IL-12p35 were increased but no production at the protein level was detected [70, 
169]. Furthermore, LPS stimulation did not induce a change in IL-4 gene expression [94]. 
However, T cells that had been exposed to antigen-pulsed MoDCs produced protein for 
both IL-4 and IFN-γ [66]. In contrast to MoDCs, however, very little information is 
available on maturation and activation of isolated BDCs following stimulation with LPS.  
 
Following their activation and maturation, DCs are known to increase T cell proliferation 
and to modulate the immune response towards a Th1, Th2, Th17 or T regulatory type of 
response [160, 161]. Due to the limitations of studying T cell proliferation in outbred 
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species, most studies in pigs have used mixed lymphocyte reactions [66, 70, 87] and only 
very few have used autologous cells [65, 87, 169]. In the present study, both MoDCs and 
BDCs were isolated from vaccinated pigs and co-cultured with autologous T cells to 
assess the induction of antigen-specific T cell activation. We found that both MoDCs and 
BDCs were equally able to induce T cell proliferation. However, when stimulated with 
LPS BDCs that were directly isolated from blood showed a greater increase in cytokine 
and chemokine expression when compared to MoDCs. This study therefore provides 
further evidence that directly isolated BDCs represent an important cell population for 
studying DC biology in pigs. Further studies, however, are required to identify the 
specific role of pDCs within the BDC population.    
3.3 Materials and Methods 
 
Experimental design and animals 
 
Eight week old Dutch Landrace pigs purchased from Saskatoon Prairie Swine Centre, 
University of Saskatchewan were used in this study. The goal of this study was to directly 
compare MoDCs to isolated BDCs both phenotypically and functionally. Phenotypically, 
DC morphology was examined by Giemsa staining and the expression of cell surface 
markers by flow cytometry. Functionally, endocytic ability was examined by flow 
cytometry, changes in transcript expression and the production of cytokines in response 
to stimulation with LPS by quantitative real-time PCR (RT-qPCR) and ELISA 
respectively, and lastly for their ability to stimulate autologous T cell proliferation, 
thymidine uptake assays were performed. Studies were performed as per the ethical 
guidelines of the University of Saskatchewan and the Canadian Council for Animal Care. 
 
BDC and T cell isolation and generation of MoDCs  
 
Blood was collected using EDTA-coated syringes and blood mononuclear cells (BMC) 
were isolated using a 60% Ficoll-Paque™ Plus gradient (GE Healthcare, Uppsala, 
Sweden). Monocytes were isolated using magnetic beads (MACS), (Miltenyi Biotec, 
Auburn, CA) and human anti-CD14 (TÜK4) microbeads (Miltenyi Biotec, Auburn, CA) 
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[95, 164]. The cross-reactivity of this antibody was confirmed by testing it against an 
anti-porcine CD14 (MIL-2) homologue. Flow cytometry was used to verify the purity of 
the separated cells.  
 
To generate MoDCs, monocytes were cultured in RPMI 1640 (Gibco, Grand Island, NY) 
supplemented with 10% FBS, 0.5 mM β-Mercaptoethanol, 10% Antibiotic/Antimycotic 
(Gibco, Grand Island, NY), 10% HEPES (Gibco, Grand Island, NY), 10% MEM Non 
Essential Amino Acids (Gibco, Grand Island, NY), 100 ng/ml of recombinant porcine 
(rp) IL-4 (Biosource, Camarillo, CA) and 20 ng/ml of rpGM-CSF (Biosource, Camarillo, 
CA) for 6 days at 37°C with 5% carbon dioxide. Half of the medium was changed every 
3 days. MoDCs were used between day 4 and 6, at which time non-adherent MoDCs  [66, 
81, 170] were washed, counted and used in subsequent assays.  
 
To isolate BDCs, which are described to be CD172a+CD14- [65, 81], CD14- cells were 
labeled with a CD172a antibody (Serotec, Oxford, UK) and Rat Anti-Mouse IgG1 
Microbeads (Miltenyi Biotec, Auburn, CA) and positively selected using MACS. The 
purity of CD172a+ expression was consistently >95%. CD172a+ cells were rested 
overnight and then used in the assays. This procedure is slightly modified from 
Summerfield et al. (2003), in which PBMC were rested overnight and the non-adherent 
cells were depleted of CD3, CD8 and CD45RA, and then sorted for CD172a.  
 
To isolate T cells, the CD172a negative population from the BDC population was 
positively sorted for CD4+ and CD8+ cells by labeling the cells with a mouse IgG2b anti-
CD4 (Serotec, Oxford, UK) and a mouse IgG2a anti-CD8 antibody (Serotec, Oxford, 
UK) followed by incubation with Rat Anti-Mouse IgG1 Microbeads (MACS, Miltenyi 




For stimulation with LPS, day 6 MoDCs and day 1 BDCs were cultured at 1x106 cells/ml 
and stimulated with 100 ng/ml of LPS (E. coli O55:B5, Cambrex Bioscience, 
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Walkersville, MD) for 6 hours for gene expression studies or for 24 hours for ELISA 




To evaluate morphology, 1x105 cells in medium were centrifuged at 150g onto glass 
slides for 4 minutes, incubated with methanol for 5 minutes, air-dried and Giemsa 
(Sigma, Saint Louis, MO) stained for 15-60 minutes. Cells were then washed with 
deionised water, air dried and fixed for morphological examination by microscopy.  
 
Antibodies for phenotyping 
The following anti-porcine antibodies were used for defining the cell types: CD172a 
(BL1H7), CD1 (76-7-4), CD3 (PPT3), CD4 (74-12-4), CD8 (PT36B), CD14 (MIL-2), 
CD16 (MCA1971), CD21 (BB6-11C9.6), MHCII (K274.3G8), MHCI (SLA-I) and 
human CD80/86 or CD152 (CD80/86) (4 501-020, Ancell, Bayport, MN). All of the 
antibodies were obtained from Serotec (Oxford, UK) unless otherwise mentioned. FITC 
anti-mouse immunoglobulins IgG1, IgG2a and IgG2b (Southern Biotech, Birmingham, 




Immunofluorescence staining was performed by incubating 1x106 cells for 20 minutes at 
4°C with each antibody. Cells were washed three times with cold PBS (1X) (pH 7.2) 
(Gibco, Grand Island, NY) containing sodium azide (0.03%) and gelatin (0.02%) and 
incubated with FITC- conjugated secondary antibody for 20 minutes at 4°C, washed three 
times and fixed with paraformaldehyde (2%). Ten thousand events were collected and 
analyzed by flow cytometry (FACScalibur™, CELLQuest™ software; Becton 





Endocytosis by MoDCs and BDCs 
 
To evaluate endocytosis, 2x105 MoDCs or BDCs were incubated with 200 µl of FITC-
dextran (1 mg/ml) (Sigma, Saint Louis, MO) or DQ™ Red BSA (1 mg/ml) (Invitrogen, 
Carlsbad, CA) for 1 hour at either 0° or 37°C [67]. Cells were washed three times with 
cold PBS and centrifuged at 350g for 5 minutes. The uptake of the labeled particles was 
visualized by confocal microscopy and quantified by flow cytometry using 10,000 
cells/event. Since endocytosis is inhibited at 0°C, cells incubated at this temperature 
served as controls for non-specific fluorescence.  
 
Lymphocyte proliferation assay 
 
Pigs were vaccinated at 4 weeks of age with 10 µg of genetically detoxified pertussis 
toxoid (PTd) in 30% emulsigen (MPV Laboratories, Ohama, NE), and boosted every 2 
weeks for a total of 3 vaccinations. Blood was collected from these pigs to isolate 
MoDCs, BDCs, and T cells.  
 
Once generated, MoDCs and BDCs were respectively pulsed with PTd (1 µg/ml in a total 
of 1ml) or OVA (100 µg/ml in a total of 1 ml) for 3 hours and washed three times. 3x104 
MoDCs or BDCs were co-cultured in 200 µl of culture medium with a total of 3x105 
MACS purified CD4 and CD8 autologous T cells for 72 hours in 96-well U-bottom plates 
(Corning, Corning, NY). During the last 8 hours of culture 1 µCi of [3H]thymidine 
(Amersham Pharmacia Biotech, Baie de Urfe, PQ) was added and proliferative responses 
were determined using standard liquid scintillation counting. Results are expressed as a 
stimulation index (SI) and were analyzed by  Mann-Whitney tests.  
 
RT-qPCR assay for mRNA expression 
 
To evaluate differential mRNA expression, 1x106 MoDCs or BDCs were lysed in 
TRIZOL (Invitrogen, Carlsbad, CA) and stored at -80C until further processing. For 
RNA extraction, 200 µl of chloroform was added per 1 ml of TRIZOL. The sample was 
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incubated at room temperature for 3 minutes and centrifuged at 12000g for 10 minutes at 
4°C. The aqueous phase was collected and 500 µl of isopropanol was added. The sample 
was incubated for 5 minutes at room temperature and then applied to a mini-column 
(Qiagen RNeasy®, Mississauga, ON) and centrifuged for 15 seconds at 8000g. The 
sample was washed as per the manufacturer’s instructions and DNase I treatment was 
performed. The optical density at 260 nm (OD260) was used to quantify RNA and the 
ratio of OD260/280 was used to determine purity. cDNA was generated and RT-PCR was 
performed using the SuperScript™ III Platinum® Two-Step qRT-PCR Kit as per the 
manufacturers recommendations (Invitrogen, Carlsbad, CA). Refer to Table 3-1. for a list 
of primers that were used for mRNA quantification. Samples were analyzed using a Bio-
Rad iCycler iQ (Bio-Rad, Hercules, CA). Changes in gene expression were determined 
by calculating the Δ cycle threshold (Ct) [171] by subtracting the Ct for ribosomal protein 
L19 (RPL19) (housekeeping gene) from the Ct of the gene of interest for each sample. 
The  Δ Ct of the control was subtracted from the corresponding treated sample giving rise 
to the ΔΔCt. The fold change was derived from the equation 2–[ΔΔ]Ct. In order to confirm 
that the housekeeping gene ribosomal protein L19 is stably expressed in MoDCs and 
BDCs, a comparison was performed using either glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) or RPL19 as the housekeeping gene. Similar trends in fold 
change were observed. cDNA was diluted to generate a standard curve whose correlation 
coefficient was >0.99. The efficiency of qPCR was determined from the slope using the 
equation (10[-1/M]-1) x100 and ranged between 90 and 110%. 
 
Enzyme-linked immunosorbent assay (ELISA) for cytokines 
 
To evaluate changes in cytokine secretion, 1x106 MoDCs or BDCs were incubated in 1 
ml of culture medium for 24 hours in 6 well plates (Corning, Corning, NY) and culture 
supernatants were collected. Concentrations of IL-6, IL-8 and IL-10 were assayed using 
commercial kits as per the manufacturer’s instructions (R&D Systems, Minneapolis, 






Statistical analysis was performed by non-parametric Mann-Whitney t-tests (p-value < 





Monocyte-derived DC generation and blood DC isolation 
 
In this study, 800 ml of EDTA blood yielded approximately 2x109 PBMC. Following 
CD14+ selection, an average of 2x108 cells were cultured in the presence of IL-4 and 
GM-CSF to generate MoDCs. On day 6, approximately 2x107 MoDCs were harvested 
and cultured for use. The CD14- population was positively selected for cells expressing 
CD172a which equates to our BDC (CD14-CD172a+) population. Approximately 3x107 
BDCs were therefore isolated and rested overnight. In contrast to other studies [96], our 
protocol resulted in lower numbers of MoDCs compared to BDCs from an equal amount 
of blood [96].  
 
 Phenotypic characterization of porcine DCs  
 
DC morphology is characterized by a large cytoplasmic/nuclear ratio and possession of 
dendrites which increase the surface area available to sample and take up antigen. In this 
study, the morphology of Giemsa-stained MoDCs (Figure 3-1a) and BDCs (Figure 3-1b) 
were compared to each other. Both DC populations displayed a typical DC morphology, 
characterized by an irregular cell border with a large cytoplasmic cell mass. Expression 
of cell surface markers CD172a, MHCII, CD16, CD1, CD80/86 and CD14 was assessed 
by flow cytometry in six day-old MoDCs and BDCs (3-2). Both MoDCs and BDCs 
expressed all of these markers, however, relative to the MoDCs, BDCs showed similar 
expression of CD172a and MHCII, higher expression of CD16 and lower expression of 






Endocytosis by MoDCs and BDCs  
 
Central to DC functions is their ability to take up antigen. In order to directly compare the 
endocytic activity of MoDCs and BDCs, we examined their uptake of FITC-dextran over 
time from day 0-7. The ability of MoDCs to uptake FITC-dextran increased from 29 ± 
30% (mean ± SD) on day 1 to 58 ± 24% on day 4 and 57 ± 27% on day 6. In contrast, 16 
± 18 % of BDCs on day 1 were endocytically active following their isolation from blood.  
Laser confocal microscopy confirmed uptake of particles of FITC-dextran in both 
MoDCs (Figure 3-2a) and BDCs (Figure 3-2b). DQ Red BSA, which only fluoresces 
when endocytosed, was also examined in MoDCs alone (Figure 3-2c). Taken together, 
these results show that BDCs were consistently less endocytic than MoDCs. 
 
Functional characterization of DC maturation following stimulation with LPS 
 
In general, as DCs mature, the expression of co-stimulatory molecules such as CD80 or 
CD86 increases giving DCs the potential to activate T cells. Furthermore, upregulation of 
the chemokine receptor CCR7 allows DCs to migrate to the lymph node where they 
encounter lymphocytes [168]. In order to compare the expression of co-stimulatory 
molecules and CCR7 within each DC population, MoDCs and BDCs were stimulated 
with LPS (100 ng/ml) for 24 hours. Flow cytometric analysis showed that CD80/86 
expression increased from 43% to 65% in MoDCs (Figure 3-3a; p<0.05), and from 14% 
to 45 % in BDCs (Figure 3-3b; p<0.05) as determined by flow cytometry. Within 6-hours 
stimulation with LPS, CCR7 gene expression increased by 2.9 ± 0.6 fold in BDCs 
(Figure 3-4) and 2.1 ± 0.6 fold in MoDCs (Figure 3-4). In summary, in response to 
stimulation with LPS both MoDCs and BDCs demonstrated characteristics of mature 







Chemokine and cytokine production by DCs  
 
At sites of injury, DCs release chemokines that are involved in recruiting innate and 
adaptive immune cells. The ability of DCs to produce chemokines was examined 
following a 6-hour stimulation with LPS. Over 4-fold up-regulation was observed in 
CCL-4, CCL-20 and CXCL2 gene expression in both MoDCs and BDCs (3-4) with the 
up-regulation observed to be numerically higher in BDCs for all of the genes examined. 
In BDCs, CCL-2 was upregulated  
 
In LNs, DCs interact with T cells by delivering different types of signals including 
cytokines. The expression of cytokines in MoDCs and BDCs was compared by RT-qPCR 
following a 6-hour stimulation with LPS. No changes were observed in IFN-α and IFN-γ, 
whilst a greater than 3-fold up-regulation was observed in IL-6, IL-8 and TNF-α in both 
MoDCs and BDCs (Figure 3-6). Greater than 2-fold induction of IL-12 expression was 
observed in BDCs while no change was observed in MoDCs. 
 
Cytokine secretion was examined by ELISA following a 24-hour stimulation with LPS. 
Both MoDCs and BDCs showed an increase in IL-6, IL-8 and TNF-α production with no 
changes in IL-10, IFN-γ and IFN-α in both MoDCs and BDCs. Increased IL-12 
concentrations were observed in BDCs (Table 3). Thus, there was a high correlation 
between the results obtained from RT-qPCR and ELISA.  
 
Basal concentrations of IL-6, IL-8 and TNF-α were higher in MoDCs.  Interestingly, 
when MoDCs and BDCs were stimulated with LPS, the fold increase but not the absolute 
concentrations, was higher in BDCs than MoDCs. The same trend was observed for 
changes in chemokine expression.  
 
Stimulation of both naïve and primed T cells in an autologous proliferation assay 
 
DCs as key antigen presenting cells are able to increase T cell proliferation. We 
compared the ability of MoDCs and BDCs to increase proliferation of autologous naïve T 
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cells compared to primed T cells. Overall, PTd or OVA-stimulated MoDCs and BDCs 
co-cultured at a ratio of 1 DC to 10 T cells, showed an induction of T cell proliferation 
(Figure 3-7). However, the stimulation index was higher in PTd compared to OVA-
stimulated DCs, reflecting the difference between primed and naïve T cells. MoDCs and 
BDCs stimulated antigen-specific T cell proliferation in primed cells to the same extent. 
In contrast, MoDCs were more potent to stimulate naïve autologous T cells when pulsed 
with OVA. Thus, both MoDCs and BDCs differed in their ability to stimulate naïve T 
cell proliferation but not in their ability to stimulate proliferation of primed T cells. 
Primer sequences 
 P r i m e r  S e q u e n c e s  ( 5 ’ - 3 ’ )   
 S e n s e  A n t i - s e n s e  A c c e s s i o n  n u m b e r  
CCR7 CCCTTCCCTTCTGGGCATAC CGGTCGATGCTGATGCAGAG AB116555 
IFN-α CCACCTCAGCCAGGACAGAAGC GGTCACAGCCCAGAGAGCAGATG NM_214393.1 
IFN-γ CGAAAAGCTGATTAAAATTCCGGTA TCTTAGGTTAGATCTTGGTGACAGA NM_213948.1 
IL-12(p40)  GAAATTCAGTGTCAAAAGCAGCAG TCCACTCTGTACTTCTTATACTCCC NM_214013 
IL-6 ACCCAGCTATGAACTCCCTCTC GCATCACCTTTGGCATCT TCTTC NM_214399.1 
IL-8 AGAAGCAACAACAACAGCAGTAACAAC CCAGCACAGGAATGAGGCATAGATG AB057440.1 
TNF-α CCCTTCCACCAACGTTTTCCT TGATGGCAGAGAGGAGGTTG EU682384 
CCL-2 GCGGCTGATGAGCTACAGAAG CCCGCGATGGTCTTGAAG NM_214214 
CCL-4 CCTCTCCCTCCTGGTCCTG GGCTGCTGGTCTCATAGTAATC EF107667.1 
CCL-20 TGCTCCTGGCTGCTTTGATGTC TCATTGGCGAGCTGCTGTGTG AJ577084.1 
CXCL2 GCTGCTCCTGCTTCTAGTG ACTTCCTGACCATTCTTGAGAG NM_001001861.1 
RPL19 AACTCCCGTCAGCAGATCC AGTACCCTTCCGCTTACCG AF435591 
GAPDH CTCAACGGGAAGCTCACTGG TGATCTCATCATACTTGGCAGG DQ845173 














Figure 3-1 Giemsa stained pig monocyte-derived dendritic cells (MoDCs) and blood 
dendritic cells (BDCs).  
Cell morphology of MoDCs at day 6 (a) and BDCs at day 1 (b) was examined by Giemsa 








Monocyte-derived dendritic cells 
(MoDCs)  
Isolated blood dendritic 
cells 
(BDCs)  
CD172a 92 ± 3 % 96 ± 5 % 
MHCII 95 ± 2 % 94 ± 10 % 
CD16 85 ± 8% 92 ± 9 % 
CD1 61 ± 10 % 17 ± 12% 
CD80/86 43 ±10% 14 ± 7 % 
CD14 81 ± 7 % n.d.a 
 
 a n.d. The isotype of the anti-CD14 antibody was the same as that of the anti-CD172a antibody 
used to isolate the BDCs and therefore the % of CD14 expressing cells in the BDC population could not be 
determined.    
 
Table 3-2 Surface phenotype of MoDCs at day 6 and BDCs at day 1 analyzed by 
flow cytometry.  
Data shown are the mean percentage ± SD of positive cells. Data for the MoDCs are 
















Figure 3-2 Endocytic activity of monocyte-derived dendritic cells (MoDCs) and 
blood dendritic cells (BDCs) by laser confocal microscopy. 
 MoDCs at day 3 were incubated with DQ Red BSA (a) or FITC-dextran (b). DQ Red 
BSA fluoresces following uptake. BDCs were examined for their ability to take up FITC-
dextran (c). Images for the MoDCs are representative of 6 pigs and for the BDCs are 









Figure 3-3 The effect of LPS stimulation on CD80/86 cell surface expression in 
monocyte-derived dendritic cells (MoDCs) (n=5 animals) and blood dendritic cells 
(BDCs) (n=6 animals).  
MoDCs at day 6 (a) and BDCs (b) were isolated from blood mononuclear cells (BMCs) 
and rested for 4 hours before being cultured with LPS (100 ng/ml) for 24 hours. The 
expression of CD80/86 was determined by flow cytometry using the CD80/86 antibody 
to examine DCs stimulated with LPS compared to DCs in medium. Results are expressed 
















Figure 3-4 The effect of LPS stimulation on CCR7 expression in monocyte-derived 
dendritic cells (MoDCs) (n=4 animals) and blood dendritic cells (BDCs) (n=4 
animals).  
MoDCs at day 6 and BDCs were isolated from blood mononuclear cells (BMCs) and 
rested overnight before being cultured with LPS (100 ng/ml) for 6 hours. Samples were 
assessed for changes in gene expression of CCR7 by RT-qPCR using ribosomal protein 
L19 as the housekeeping gene. Results are shown as the median of the fold changes ± 










Figure 3-5 Changes in gene expression of CCL-2, CCL-4, CCL-20 and CXCL2 in 
monocyte-derived dendritic cells (MoDCs) and blood dendritic cells (BDCs) 
following a 6-hour stimulation with LPS.  
MoDCs at day 6 and BDCs  at day 1 were cultured with LPS (100 ng/ml). Samples were 
assessed for changes in gene expression by RT-qPCR using ribosomal protein L19 as the 
housekeeping gene. Results are shown as the median fold change ± range relative to the 















Figure 3-6. Changes in gene expression of IL-6, IL-8 and TNF-α  in monocyte-
derived dendritic cells (MoDCs) and of IL-6, IL-8 IL-12 and TNF-α  in blood 
dendritic cells (BDCs) following a 6-hour stimulation with LPS.  
MoDCs at day 6 and BDCs at day 1 were cultured for 6 hours with LPS (100 ng/ml). 
Samples were assessed for changes in gene expression by RT-qPCR using ribosomal 
protein L19 as the housekeeping gene. Results are shown as the median fold change ± 


















a  at 16 hours of culture p= 0.057 
b at 8 hours of culture p= 0.057 
n.d., Not detectable 
   
Table 3-3 Changes in protein IL-6, IL-8, TNF-α , and IL-12 concentrations following 
24-hour LPS stimulation.  
MoDCs at day 5 and BDCs at day 1 were either cultured with LPS (100 ng/ml) or were 
unstimulated (Control) for 24 hours (n= 4 animals). Supernatants were assayed by ELISA 
for protein detection. Results are expressed as mean (pg/ml) ± SD and analyzed by a 






 Control LPS P-value Control LPS P-value 
IL-6 426 ± 186  940 ± 277  0.2 n.d. 229 ± 260  0.03 
IL-8 5261 ±5756  10586 ±1673  0.2 a 1114 ± 496  9557 ± 3925  0.03 
TNF-α  402 ± 138 1277 ± 896 0.057b 277 ± 74 833 ± 511 0.057 







Figure 3-7 Stimulation of autologous T cells using antigen pulsed monocyte-derived 
dendritic cells (MoDCs) and blood dendritic cells (BDCs).  
MoDCs at day 4 of culture and BDCs rested overnight were pulsed with pertussis toxoid 
(PTd) (1µg/ml) or OVA (100 µg/ml) for 3 hours then incubated with autologous T cells 
from PTd vaccinated animals from a total of 4 pigs for 72 hours at a ratio of 1 DC to 10 T 
cells. Results are shown as the median of the stimulation index± range and calculated as 
pulsed DCs/ non-pulsed DCs. ap<0.05 OVA-MoDC versus OVA-BDC, bp<0.05 OVA-








In the present study, we isolated porcine BDCs and MoDCs and demonstrated that these 
DC populations differ in their endocytic activity and their response to LPS with regards 
to cytokine and chemokine gene expression. Also, when we compared BDCs to MoDCs 
in autologous proliferation assays using T cells from vaccinated and non-vaccinated 
animals, no difference was observed in their ability to present antigen to primed T cells.  
 
MoDCs were generated from MACS isolated monocytes that were cultured in the 
presence of IL-4 and GM-CSF. This isolation technique contrasts other studies which 
have used overnight adherence or CD172a MACS sorting [66-68, 94, 173], but is similar 
to the methods used in more recent studies for generating porcine MoDCs [95, 164] and 
is the same as that used to generate human [174] and mouse MoDCs [175]. BDCs, on the 
other hand, were generated using a slightly modified protocol previously described by 
Summerfield et al. (2003) [65]. Previously, antigen uptake by BDCs was examined by 
flow cytometric analysis of PBMC [65] and not on the isolated BDCs themselves. 
However, in contrast to this study we examined isolated BDCs using the negative 
fraction following CD14 MACS sorting of PBMC. Subsequently, positive selection of 
CD172a cells allowed us to study isolated BDCs. The CD14+ fraction was used to 
generate MoDCs. Advantages of our isolation procedure include the isolation of a pure 
population of monocytes that is generated on the same day without requiring overnight 
adherence. For BDCs, we obtained a purity of 96% with a higher yield compared to a 
purity of 60-75% of CD172a cells described by others [65]. Furthermore, this population 
contained only very few or no contaminating monocytes in contrast to that described by 
others [93]. Consistent with what has been described [73], as a total percentage of 
PBMC, CD14-CD172a+ cells constituted approximately 2% of the population [73].  
 
Using these isolation methods, we observed that unstimulated MoDCs displayed a more 
mature phenotype compared to unstimulated BDCs. While a similar percentage of 
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MoDCs and BDCs expressed CD172a and MHCII, BDCs showed a slightly higher 
expression of CD16 and a lower expression of CD80/86 and CD1. The more mature 
phenotype of MoDCs may be attributed to culturing artifacts such as disturbing cell-cell 
contact [176], the presence of serum in the culture medium [177] and the effects of IL-4 
[178] and GM-CSF [179]. Compared to MoDCs, BDCs were only cultured overnight 
therefore culturing artifacts were expected to be minimal. This is supported by Fearnely 
et al. (1997), who demonstrated that when human BDCs were cultured for several days 
they displayed a more mature phenotype similar to that of MoDCs [177]. 
 
Despite the more mature phenotype of MoDCs, however, BDCs displayed lower 
endocytic activity than MoDCs. Regarding IL-6, IL-8, and TNF-α cytokine production, 
the basal production  of cytokines by MoDCs was over 2-fold higher than that of BDCs. 
However, when MoDCs and BDCs were stimulated with LPS, a higher fold change of 
both cytokine and chemokine expression was observed in BDCs suggesting that BDCs 
were more responsive to LPS stimulation compared to MoDCs. Reasons for these 
differences remain to be examined but may be due to differences in cell signaling 
pathways. For example, BDCs do not express CD14 and therefore are unable to respond 
to LPS via a CD14 dependent-signaling pathway. However, the presence of CD14 
independent signaling in porcine DCs has been previously demonstrated [66] and it is 
known that BDCs do respond to LPS stimulation [180] suggesting that BDCs signal via 
a CD14 independent pathway. Further studies are required to understand the detailed 
mechanisms of LPS signaling in BDCs. 
 
Another observation in this study was that LPS-stimulated MoDCs did not produce IL-
12 whereas BDCs did. This is in contrast to previous observation made by Wilkie et al. 
(2005), who found an increase in IL-12p35 mRNA expression in porcine MoDCs 
following stimulation with LPS. Possible reasons for the observed differences include 
cell isolation by plastic adherence, collection of both adherent and non-adherent day 8 
MoDCs, and lastly a concentration of 10 g/ml of LPS for cell stimulation [94]. However, 
in a more recent study in which MoDCs were obtained by plastic adherence, no IL-
12p40 was detected at the protein level following LPS stimulation at a concentration of 1 
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µg/ml [70]. Thus, there is a discrepancy in the literature regarding the ability of porcine 
MoDCs to produce IL-12 in response to stimulation with LPS and more studies are 
required to fully address these observations. For human monocytes, it was demonstrated 
that MoDCs generated from plastic adherence as compared to CD14 bead isolation, 
produced IL-12p70 [181].  
  
We then determined if the phenotypic and endocytic differences between MoDCs and 
BDCs translated into differences in their ability to induce T cell proliferation using 
autologous T cells. To this end pigs were vaccinated with PTd and isolated cells were re-
stimulated in vitro with two different antigens to be able to compare naïve versus primed 
T cells. When the antigen OVA was used to address stimulation of naïve T cells, BDCs 
induced less proliferation compared to MoDCs. However, when PTd was used for 
stimulation of autologous primed T cells, the extent of proliferation was the same 
between MoDCs and BDCs. Since the activation threshold for naïve T cells is higher due 
to an uncoupled signaling machinery [8, 182] we assume that T cells to which OVA was 
presented were naïve and required more signals that BDCs were less able to provide. This 
could be attributed to their lower endocytic ability. With respects to primed T cells, 
however, BDCs did not differ from MoDCs in their ability to increase T cell 
proliferation, which may be a result of a lesser need for additional stimulation. It has also 
been demonstrated that the pDC population within the BDCs is better able to induce 
proliferation in antigen-experienced T cells compared to naïve T cells [40]. Therefore, 
porcine BDCs differ from MoDCs in their ability to stimulate naïve T cell proliferation 
but not primed T cell proliferation. This is in contrast to observations made in mice [40] 
and provides further evidence that BDCs indeed are able to increase T cell activation in 
both naïve and memory T cells [8].  
 
In summary, in the present study we compared two populations of DCs in their 
phenotype, endocytic ability, response to LPS stimulation and ability to induce antigen-
specific immune response in pigs. Our findings suggest that BDCs, which contain both 
pDCs and cDCs, are less endocytically active than MoDCs and have a lower expression 
of CD80/86. They also have lower basal cytokine protein concentrations but in response 
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to stimulation with LPS, there is a higher fold increase in response despite the absolute 
amounts being lower in MoDCs. Furthermore, this is the first time in the pig that 
chemokines have been examined in response to LPS in both MoDCs and BDCs and 
allows for a more comprehensive view of DC behavior. Lastly, both MoDCs and BDCs 
are able to induce T cell proliferation which is in contrast to observations made in mice 
[40], and which will further our understanding of these important cells and their role in 
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3.6 Conclusion 
 
Porcine DC subsets, MoDCs and BDCs were successfully generated and characterized. 
BDCs compared to MoDCs are less endocytically active, have a lower expression of 
CD80/86 and have lower basal cytokine protein concentrations. In response to 
stimulation with LPS there is a higher fold increase in the response of BDCs compared to 
MoDCs. To further characterize these DC subsets in Chapter 4 we examined the stability 




Chapter 4 STABILITY OF EXPRESSION OF REFERENCE GENES IN 
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 Real-time quantitative PCR (RT-qPCR) is a critical tool used to evaluate changes 
in gene expression. The precision of this tool is reliant upon the selection of reference 
genes whose expression remains unaltered in culture conditions and following 
stimulation. Stably expressed reference genes are used to normalize data so observed 
changes in expression are not due to artifacts but rather reflect physiological changes. In 
this study, we examined the expression stability of the porcine genes glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), succinate dehydrogenase complex subunit A 
(SDHA), eukaryotic elongation factor 1 gamma-like protein (eEF1), ribosomal protein 
L19 (RPL19), beta-actin (ACTB) and ATP synthase mitochondrial F0 complex 
(ATP5G1) in peripheral blood mononuclear cells (PBMC), monocytes, monocyte-derived 
dendritic cells (MoDCs), blood-derived dendritic cells (BDCs) and T cells with or 
without stimulation with LPS. An M value was used as a measure of gene stability as 
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determined using geNORM software. Recommendations for the use of reference genes 
include using GAPDH and B-actin in PBMC: RPL19 and SDHA and T cells; RPL19 and 





Real-time quantitative PCR (RT-qPCR) is widely used to examine changes in 
gene expression. Some variables encountered in using this technique include differences 
in starting material, enzymatic efficiency and transcriptional activity [183]. A means of 
controlling these variables is the use of reference genes. Ideally reference genes should be 
stably expressed and not change in response to stimulation with any immunostimulator. 
In a study by Vandesompele et al. (2002)[183], 10 reference genes were examined in 13 
different human tissues. Subsequently, a method for determining the stability of 
expression of reference genes was devised and is the basis of the program geNORM. This 
program calculates a gene stability measure known as M, thereby allowing for the 
ranking of reference genes. The lower the M value, the more stable is the expression of 
the gene. Furthermore, a stability of M < 0.5 is desirable for homogenous samples [184]. 
The pig is growing in importance as a large animal model for examining and 
monitoring human diseases such as influenza. As part of this process, RT-qPCR is being 
used as a technique for examining changes in gene expression. Several genes have been 
studied, to assess their potential to serve as reference genes in the pig (Table 4-2). Most 
of these studies were performed in peripheral blood mononuclear cells (PBMC), and 
none have examined monocytes, monocyte-derived dendritic cells (MoDCs), blood-
derived dendritic cells (BDCs) or T cells. However, these latter cell types are frequently 
being used to determine effector immune responses including cytokine and chemokine 
expression. For this reason we chose to examine the expression levels of 6 reference 
genes namely glyceraldehyde 3-phosphate dehydrogenase (GAPDH), succinate 
dehydrogenase complex subunit A (SDHA), eukaryotic elongation factor 1 gamma-like 
protein (eEF1), ribosomal protein L19 (RPL19), beta-actin (ACTB) and ATP synthase 
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mitochondrial F0 complex (ATP5G1) in these cell types using geNORM to determine M 
values [183]. These reference genes were chosen from different functional classes (Table 
4-1). In this study, a 6-hour stimulation with lipopolysaccharide (LPS) was used to 
determine if the levels of expression were influenced by stimulation with LPS. At this 
time expression of various cytokines or chemokines has already peaked [62]. The 
Minimum Information for Publication of Quantitative Real-Time PCR Experiments 
(MIQE) guidelines were followed to process samples and perform experiments  [184].  
 
4.3 Materials and Methods 
 
Experimental design and animals 
Eight week old Dutch Landrace pigs purchased from Saskatoon Prairie Swine 
Centre, University of Saskatchewan were used in this study.  Studies were carried out in 
accordance with the ethical guidelines of the University of Saskatchewan and the 
Canadian Council for Animal Care. 
PBMC, monocytes, T cells and BDCs were isolated. Monocytes were used to 
generate MoDCs. The stability of expression of the reference genes RPL19, ACTB, 
eEF1, SDHA, ATP5GA and GAPDH was examined in these respective cells, either 
cultured in medium alone for 6 hours (control cells) or following a 6-hour stimulation 
with 1 µg/ml LPS (stimulated cells) (E. coli O55:B5, Cambrex Bioscience, Walkersville, 
MD). Isolated cells at a concentration of 1x106 cells/ml were rested overnight prior to 
stimulation with LPS. Subsequently, cells were lysed in TRIzol (Invitrogen, Carlsbad, 
CA) and stored at -80°C until further processing. Four animals per group were used in all 
of the stimulation assays with the exception of PBMC for which only three animals were 
used for the stimulation group. Studies were performed as per the ethical guidelines of the 
University of Saskatchewan and the Canadian Council for Animal Care.    
 
Cell isolation and generation 
Approximately 1 L of blood was collected by cardiac puncture from each pig 
using EDTA-coated syringes and blood mononuclear cells were isolated using a 60% 
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Ficoll-Paque™ Plus gradient (GE Healthcare, Uppsala, Sweden). PBMC were plated at 
1x106 cells/ml in 24-well plates and rested overnight before stimulation. From the 
remaining PBMC, monocytes were isolated using human anti-CD14 magnetic beads 
(MACS®; Miltenyi Biotec, Auburn, CA) [95, 164]. The cross-reactivity of this antibody 
was confirmed by testing it against an anti-porcine CD14 (MIL-2; Serotec, Oxford, UK) 
homologue. Flow cytometry was used to verify the purity of the separated cells. 
Monocytes were stimulated following an overnight rest. 
To generate MoDCs, monocytes were cultured in RPMI 1640 (Gibco, Grand 
Island, NY) supplemented with 10% FBS, 0.5 mM β-Mercaptoethanol, 10% 
Antibiotic/Antimycotic (Gibco, Grand Island, NY), 10% HEPES (Gibco, Grand Island, 
NY), 10% MEM Non Essential Amino Acids (Gibco, Grand Island, NY), 100 ng/ml of 
recombinant porcine (rp) IL-4 (Biosource, Camarillo, CA) and 20 ng/ml of rpGM-CSF 
(Biosource, Camarillo, CA) for 6 days at 37°C with 5% carbon dioxide. Half of the 
medium was changed every 3 days. MoDCs were used at day 6, at which time non-
adherent MoDCs [66, 81, 170] were washed, counted and stimulated.  
To isolate BDCs, which are described to be CD172a+CD14- [65, 81], CD14- cells 
were labeled with a mouse IgG1 anti-CD172a antibody (Serotec, Oxford, UK) and Rat 
Anti-Mouse IgG1 Microbeads (Miltenyi Biotec, Auburn, CA) and positively selected 
using MACS. The purity of CD172a+ expression was consistently >95%. CD172a+ cells 
were rested overnight and then stimulated with LPS. 
To isolate T cells, the CD172a-negative fraction was positively sorted for CD4+ 
and CD8+ cells by labeling the cells with anti-CD4 (VMRD, Inc, Pullmann, WA) and 
anti-CD8 antibody (VMRD) followed by incubation with Rat Anti-Mouse IgG1 
Microbeads (MACS, Miltenyi Biotec, Auburn, CA). 
 
RT-qPCR assay for mRNA expression 
For RNA extraction, per 1 ml of TRIzol, 200 µl of chloroform was added to 5-10 
x 106  cells. Samples were incubated at room temperature for 3 minutes and centrifuged at 
12000g for 10 minutes at 4°C. The aqueous phase was collected and 500 µl of 
isopropanol was added. The sample was incubated for 5 minutes at room temperature and 
then applied to a mini-column (Qiagen RNeasy®, Mississauga, ON) and centrifuged for 
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15 seconds at 8000g. The sample was washed and DNase I treatment was performed as 
per the manufacturer’s instructions (Qiagen). RNA quantification and purity was 
obtained using an Agilent 2100 Bioanalyzer (Agilent Technologies, Mississauga, ON). 
cDNA was generated from 500 ng of RNA per reaction and RT-qPCR was performed 
using the SuperScript™ III Platinum® Two-Step RT-qPCR Kit as per the manufacturers 
recommendations (Invitrogen, Carlsbad, CA). Each qPCR reaction consisted of 1 µl of 
500 nM of primers, 2 µl of cDNA that had been diluted 2.5X, 9.5 µl of ddH2O, and 12.5 
µl of SYBR Green Supermix UDG for a final volume of 25 µl. Each sample was run in 
duplicate. Table 4.3 shows a list of primers that were used for mRNA quantification. 
Primers not listed in Table 3 were obtained from the geNORM kit and primer sequences 
from this kit are proprietary. The geNorm kit is a commercially available kit comprising 
of reference gene real time PCR assays for various species.  
Samples were analyzed using a Bio-Rad iCycler iQ (Bio-Rad, Hercules, CA) at 
the following conditions: 95° for 3 minutes, 45 cycles each of 15 seconds at 95° 
(denaturation), 30 seconds at 60° (annealing) and 30 seconds at 72° (elongation). Melting 
curves of the products were used to evaluate the specificity of the reaction.  
The quantification cycle (Cq) or cycle threshold values for all of the samples per 
cell type were obtained. Subsequently, the geometric mean of the Cq value is subtracted 
from the individual sample Cq value. The relative quantity (2ΔCq; relative to other 
samples within the same run for the same gene) was then calculated and the file uploaded 
into geNORM to obtain the stability of gene expression or M value. To calculate the M 
value, firstly the ct value for each sample was obtained. Then for each gene the geometric 
average was determined and subtracted from each sample. The relative expression was 
then determined and this value was uploaded into geNORM. geNORM software is 
available at no cost and is accessible from: http://medgen.ugent.be/~jvdesomp/genorm/ 
Using geNORM an M value was computed (in depth calculations are described: 
http://medgen.ugent.be/~jvdesomp/genorm/example_calculations.xls). This M value was 
a measure of gene-stability derived by examining the standard deviation of control 
genes[185]. A cut-off value of 0.5 was used based on and any gene under this cut-off 





The use of proper reference genes for RT-qPCR is important for the relevant 
quantification of genes of interest and takes into account variations in cDNA quantities 
between samples. When selecting reference genes, expression stability is critical and 
should be equally stable in control and stimulated cells. Given the importance of 
reference genes for expression analysis of immune effector functions, we examined 
various cell types including PBMC, T cells, monocytes, MoDCs and BDCs either alone 
or following stimulation with LPS. ACTB, ATP5GA, EF-1, GAPDH , RPL-19 and 
SDHA genes were examined  to determine which genes are suitable candidates to be used 
as reference genes. 
 cDNA dilutions were used to generate a standard curve. For each gene, the 
correlation coefficient of the standard curve was >0.99. A PCR efficiency curve was 
determined from the slope using the equation (10[-1/M]-1) x100 and ranged from 90-110%. 
 
 When control cells were examined alone, the 2 most stably expressed reference 
genes for each cell type were as follows: in PBMC: GAPDH and B-actin (Fig.4-1a); in T 
cells: RPL19 and GAPDH (Fig.4-1b); in monocytes: RPL19 and GAPDH (Fig.4-1c); in 
BDCs: RPL19 and ATP5Ga (Fig.4-1d); and in MoDCs: RPL19 and B-actin (Fig.4-1e). In 
control cells, the only reference gene that had an M value > 0.5 was ATP5GA in 
monocytes, and therefore we recommended against its use.  
  In all of the cells types examined, stimulation with LPS affected the stability of 
the two most stably expressed gene in control cells (Fig. 4-1f-j). These results confirm the 
importance of testing the expression stability of reference genes for each stimulus used.  
When control and stimulated cells were examined together, the most stably 
expressed reference genes (i.e. lowest M values) were as follows: in PBMC: GAPDH = 
B-actin < SDHA <RPL19 <ATP5GA < eEF-1 (Fig. 4-1k); in T cells: RPL19 = SDHA < 
GAPDH < B-actin  < ATP5GA < eEF-1 (Fig. 4-1l); in monocytes: RPL19 = B-actin < 
GAPDH < SDHA < eEF-1 < ATP5GA (1m); in BDCs: SDHA  < RPL19 < GAPDH < B-
actin < ATP5GA < eEF-1 (4-1n);  and in MoDCs, RPL19 = ATP5GA < SDHA < eEF-1 
< GAPDH < B-actin (4-1o). Based on these findings our recommendation for LPS 
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stimulation is to use in PBMC: GAPDH and B-actin; in T cells: RPL19 and SDHA; in 
monocytes: RPL19 and B-actin; in BDCs: RPL-19 and SDHA; and in MoDCs: RPL-19 
and ATP5GA. Of the cell types examined, the reference genes that do not match the 
required stability are eEF-1 BDCs with an M value >0.5 and ATPG5A in monocytes (M 
value =0.498). 
In conclusion, we have demonstrated the stability of expression of the reference 
genes ACTB, GAPDH, RPL-19 and SDHA in porcine cell lines with recommendations 
of which reference genes should be used when LPS is used as a stimulus. These data 
should be beneficial for porcine research teams in validating their RT-qPCR data.  
Table 4-1 Functional classes of reference genes 
 
 
Abbreviation Gene name Function 
ACTB  beta-actin Cytoskeletal protein  
ATP5G1 ATP synthase, mitochondrial F0 
complex 
Subunit of mitochondrial 
ATP synthase 
B2M beta-2-microglobulin Beta-chain of major 
histocompatibility complex 
class I molecules 
eEF-1 eukaryotic elongation factor 1 gamma-
like protein 
Role in protein translation 
GAPDH glyceraldehyde 3-phosphate 
dehydrogenase 
Role in glycolysis and 
gluconeogenesis 
HMBS hydroxymethylbilane synthase Heme synthesis 
HPRT1 hypoxanthine phosphoribosyltransferase 
I 
Purine synthesis 
RPL19 Ribosomal protein L19 Component of ribosomal 
subunit 
RPL4 ribosomal protein L4 Component of ribosomal 
subunit 
SDHA succinate dehydrogenase complex 
subunit A 
Electron transport  
TOP2B  topoisomerase II beta Role in DNA transcription 
and replication 
TPB TATA box binding protein RNA polymerase II 
transcription facots 
YWHAZ tyrosine 3-monooxygenase/tryptophan 
5-monoxygenase activation protein zeta 
polypeptide 
Involved in signal 
transduction 
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Table 4-2 Summary of studies examining porcine reference genes 
 
 








ACTB geNORM kit 130 60°C 
ATP5G1 geNORM kit 145 60°C 
eEF-1 geNORM kit 75 60°C 
SDHA geNORM kit 88 60°C 
GAPDH DQ845173 170 60°C 
RPL19 AF435591 147 60°C 
Primer sequences were supplied by PrimerDesign Ltd, UK, with the exception of GAPDH and RPL19 whose respective 
sequences(‘5→3’) are: CTTCACGACCATGGAGAAGG; CCAAGCAGTTGGTGGTACAG; and AACTCCCGTCAGCAGATCC; 
AGTACCCTTCCGCTTACCG. 
  
References genes Porcine tissues examined Stimulation Reference 
ACTB, HPRT and 
GAPDH 
Alveolar macrophages, 
spleen cells, bone marrow, 
brain, kidney, lung, Peyer’s 
patches, ileum, mesenteric 
lymph node muscle, large 
intestine and thymus 




GAPDH, and HPRT 




PBMC LPS and 
Con A 
[188] 
ACTB, B2M, GAPDH, 
HMBS, HPRT1, 
RPL13A, SDHA, TBP, 
TOP2B  
 and YWHAZ  





ACTB, B2, GAPDH, 
HMBS, HPRT1, RPL4, 
SDHA, TPB, and 
YWHAZ  
 
Liver, kidney, thymus, 
brain, lymph nodes, muscle, 
heart, skin, pancreas, bone 
marrow, bladder, lung and 












Figure 4-1 Stability of expression of reference genes in porcine PBMC, T cells, 
monoyctes, MoDCs and BDCs.  
Stability of gene expression of eEF-1, ATP5GA, RPL19, SDHA, GAPDH and β-actin 
were examined in (a) PBMC control samples (b) T cells control samples (c) Monocytes 
control samples (d) MoDCs control samples (e) BDCs control samples (f) PBMC treated 
with LPS (g) T cells treated with LPS (h) Monocytes treated with LPS (i) BDCs treated 
with LPS (j) MoDCs treated with LPS   (k) PBMC control and LPS treated samples (l) T 
cells control and LPS treated samples (m) Monocytes control and LPS treated samples 
(n) BDCs control and LPS treated samples (o) MoDCs control and LPS treated samples. 
LPS was used at a concentration of 1 µg/ml with a stimulation time of 6 hours. Samples 
were assessed for changes in gene expression stability by RT-qPCR and then using the 
software geNORM. Results are shown as an M value (n=4 animals for controls and 
treatment group except for the PBMC treatment group in which n=3 animals). M values < 




In Chapter four, we describe which genes are stably expressed in porcine MoDC and 
BDC subsets. With the successful generation and characterization of porcine MoDCs and 
BDCs [82, 190], the next objective was to determine the in vitro effects of HDPs on DC 
cytokine production. For this purpose 3 peptides namely HH2 (N-VQLRIRVAVIRA-C),, 
HH17 (N-KIWVRWK-C) and HH18 (N-RLCRIVVIRVCR-C) were initially selected. 
Preliminary experiments examined peptide safety, effects on DC cell surface marker 
expression, maturity and cytokine production. The effects of the HH peptides were 
examined using a low dose of 5 µg/ml and a higher dose of 133 µg/ml. No differences 
were seen in flow cytometry for the percent of cells positive for CD172a, MHCII, CD16, 
MHCI, CTLA, CD1 and CD14 expression as well as for their mean fluorescence 
intensity (Appendix A). Also, no changes were observed in the expression of CD80, 
CD86, CCR7, MHCI and MHC2 by RT-qPCR in MoDCs and BDCs (Appendix A). The 
production of various cytokines was examined in both MoDCs and BDCs with minimal 
changes observed. Given the results obtained by stimulating DCs with HH2, HH17 and 
HH18 at 133 µg/ml it was not possible to detect a clear a Th1 type response (i.e. IL-12 
production as detected by ELISA and confirmed by RT-qPCR).  
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At this stage we postulated that the lack of an effect attributed to the peptides might have 
been attributed to either an inability of our porcine DC populations to be challenged, to 
the nature of the selected HH peptides or to a  need for the peptides to act synergistically 
with TLR ligands. The functionality of the DC populations did not appear to be factor 
contributing to the lack of effect that we were observing. Experiments in our lab 
demonstrated that porcine MoDCs and pDCs could be modulated by various TLR ligands 
including poly I:C (TLR3 ligand), LPS (TLR4 ligand), flagellin (TLR5 ligand), 
Imiquimod (TLR7 ligand), class A (8954) and class C (10103) CpG ODN (TLR9 
ligand)[92]. Results showed that Poly I:C, LPS, flagellin and Imiquimod induced a 
significant increase in the percentage of MoDCs expressing CD80/86 and that Flagellin, 
LPS, poly I:C, and imiquimod but not CpG ODNs induce a significant increase in the 
percentage of BDCs expressing CD80/86. No changes were observed in the expression of 
MHCII. Furthermore some of these ligands were able to increase CCR7 in both MoDCs 
and BDCs as well as influence cytokine production [92]. 
 
In order to determine if the HH peptides selected did not immunomodulate porcine DCs, 
a wider array of natural peptides was selected. This led to subsequent studies (Chapters 5 
and 6) in which a panel of naturally-occurring peptides was examined for their ability to 
influence immune functioning in PBMC. Furthermore, in-house vaccination experiments 
had demonstrated that the peptide IDR-1002 had significant potential as an adjuvant 
[156]. Therefore, we focused on the peptide IDR-1002 and naturally-occurring peptides 
and screened them for their effects in PBMC. The switch in cell type from DCs to PBMC 
was made in order to ensure that more cell types were available to respond to HDPs 
either via cell-cell interactions or via the production of modulatory factors.  
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Host defense peptides (HDPs) are potent immunomodulators that can induce cytokine 
and chemokine production, recruit dendritic cells, as well as stimulate and modulate 
antigen-specific T cell responses. In order to detect if selected HDPs have an effect on 
porcine immune cells, we tested the ability of HDPs from various species to recruit 
porcine PBMC both in vitro and in vivo and to induce cytokine and chemokine 
expression in these cells. The HDPs examined included a synthetic innate defense 
regulator (IDR) peptide 1002, the porcine cathelicidins PR39 and Protegrin-1 (PG-1), the 
human cathelicidin LL-37, the bovine cathelicidin Indolicidin and the porcine beta-
defensin  (pBD)-1 and pBD-2. Our results demonstrate that IDR-1002, PG-1, Indolicidin, 
pBD-2, LL-37 enhanced IL-8 production in porcine PBMC, while IL-12 production 
levels were increased by PG-1. The peptides IDR-1002 and LL-37 both were able to 
chemoattract porcine PBMC in vitro however, this effect was not observed following the 




Host defense peptides (HDPs) are small peptides ranging in size from 5-60 amino acids 
in length. Cationic HDPs can be divided into two main families, namely, defensins and 
cathelicidins based on the respective presence of β-sheets and α-helices [191].  HDPs 
display heterogeneity in their structure, regulation, function, and site of action, and are 
present in both plants and mammals [192]. Also known as antimicrobial peptides, many 
of these cationic peptides are able to bind to the negative charge found on bacterial cells 
walls [193], thereby allowing them to have a wide spectrum of anti-bacterial activity. 
More importantly, HDPs have a number of immunomodulatory functions including 
induction of cytokine and chemokine production, recruitment and activation of important 
immune cells such as dendritic cells, monocytes, neutrophils to name a few [194].  
 
Recruitment occurs either directly or indirectly by inducing chemokine production. Both 
cathelicidins and defensins recruit a wide array of immune cells. For example, hCAP, the 
propeptide of the human cathelicidin LL-37 has been shown to recruit human monocytes 
[135], neutrophils [135-137], dendritic cells (DCs) [136] and T cells [135, 138]. The 
human beta defensins 1-4 were chemotactic for human macrophages [139], mast cells 
[139], immature DCs [140], CD4+/CD45RA+ naive and CD8+, but not CD4+/CD45RO+ 
memory T cells [140, 141]. Human α- and β-defensins were also chemotactic for human 
monocyte-derived DCs [142]. In cattle, bovine β-defensins recruited monocyte-derived 
DCs (MoDCs) [195].	  	  Interestingly, the ability to recruit immune cells is highly conserved 
amongst some HDPs and in fact may work across species. For example, the human 
cathelicidin has been shown to recruit rat mast cells [143] and the mouse cathelicidin 
CRAMP was chemotactic for human monocytes, neutrophils and macrophages [149].  
 
Cell recruitment is an important feature of adjuvants and critical for their ability to 
propagate immune responses. For example, MF59, the adjuvant used in several H1N1 
influenza vaccines, exerts adjuvanticity by recruiting macrophages to the site of antigen 
deposition [196, 197]. Therefore, the ability of HDPs to directly recruit immune cells 
may represent a key strategy for the proposed adjuvant effects of HDPs. In addition, 
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HDPs have been shown to increase chemokine production, which indirectly results in the 
recruitment of immune cells. For example, LL-37 increased IL-8 production in human 
airway smooth muscle cells [198], human epithelial cells [199], murine macrophages 
[199], monocytes [200] and neutrophils [201]. Similar to LL-37, defensins also induced 
similar increases on IL-8 production in lung epithelial cells [202], which subsequently 
can lead to the recruitment of neutrophils and subsequent propagation of immune 
responses. In the present study we assessed the ability of selected HDPs to stimulate 
porcine dendritic cells in vitro and in vivo. The pig is a good research model due to its 
immunophysiological similarities to humans [64]. Results obtained in the pig model are 
often more predictive of outcomes in humans and therefore more relevant in the 
development of novel therapeutics [203]. For example, due to structural similarities with 
human skin and in particular the ratio of the epidermis and the ratio of dermal-epidermal 
thickness [203], we are studying the in vivo recruitment of porcine immune cells into the 
skin following intradermal administration of HDPs.  
  
IDRs have been shown to be effective adjuvants when used in combination with various 
vaccine formulations in pigs [154-156, 204]. However, little is known about the ability of 
HDPs to modulate porcine immune cells, therefore the goal of this study was to examine 
the immunomodulatory functions of HDPs from various species on pig immune cells. 
These functions included the ability to induce cytokine production as well as the 
recruitment of porcine immune cells both in vitro and in vivo. Pigs express a variety of 
HDPs including 13 β-defensins but no α-defensins [113], hepcidin, liver-expressed 
antimicrobial peptide -2, PGRP-S, NK-lysins, proline-rich lactoferricins and mucosal SP-
B to name a few. There are 11 porcine cathelicidins which comprise of the proline-
arginine-rich 39-amino-acid peptide (PR-39), proline-phenylalanine-rich prophenin-1 
(PF-1) and PF-2, cysteine-rich PG 1 (PG-1) to PG-5, and three porcine myeloid 
antimicrobial peptides (PMAP)-23, PMAP-36 and PMAP-37 [113]. The HDPs selected 
in this study include the porcine cathelicidins PG-1 and PR-39 and pBD-1; the innate 
defense regulator (IDR)-1002; the human cathelicidin LL-37 and the bovine cathelicidin 
indolicidin. Of these peptides, only PR-39 has been examined and demonstrated to recruit 
porcine neutrophils in vitro [205]. Our goal was therefore to characterize the effects of 
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these HDPs and examine if in vitro production of IL-8 and recruitment translates into in 
vivo recruitment.  
 
5.3 Materials and Methods 
Animals 
 
Eight-week old Dutch Landrace pigs were purchased from Saskatoon Prairie Swine 
Centre, University of Saskatchewan. Experiments were performed in accordance with the 
ethical standards set by the University of Saskatchewan and the Canadian Council for 
Animal Care. 
 
Isolation and stimulation of PBMC 
 
Blood was collected by cardiac puncture from each pig using EDTA-coated syringes and 
blood mononuclear cells were isolated using a 60% Ficoll-Paque™ Plus gradient (GE 
Healthcare, Uppsala, Sweden). PBMC were maintained in RPMI 1640 (Gibco, Grand 
Island, NY) supplemented with 10% FBS, 0.5 mM β-Mercaptoethanol, 10% 
Antibiotic/Antimycotic (Gibco, Grand Island, NY), 10% HEPES (Gibco, Grand Island, 
NY) and 10% MEM Non Essential Amino Acids (Gibco, Grand Island, NY) and 




PR39, pBD-1, pBD-2 were synthesized at the Vaccine and Infectious Disease 
Organization, Saskatoon, SK, Canada as described by Elahi et al. (2006) [122], PG-1 and 
LL-37 were purchased from ChemPep Inc (Miami, Florida) and Indolicidin and IDR-
1002 were synthesized by using F-moc chemistry at the Nucleic Acid/Protein Synthesis 
Unit of University of British Columbia, Vancouver, BC, Canada. For each HDP, its 




Table 5-1 Peptide family and species 
Peptide Family Species 
IDR-1002 Newly synthesized peptide Not applicable 
PR-39 Cathelicidin Porcine 
Indolicidin Cathelicidin Bovine 
PG-1 Cathelicidin Porcine 
pBD-1 Defensin Porcine 









Cell viability in response to HDPs was evaluated by quantifying the amount of adenosine 
triphosphate (ATP) present, relative to cells in media using Cell Titre-Glo™ luminescent 
cell viability assay (Promega, Madison, WI, USA) as per the manufacturers protocol. The 
assay used to examine cytotoxicity is based on ATP production since non-viable cells do 
not produce ATP and have enzymes to degrade existing ATP stores. In order to 
determine at what concentrations the various HDPs are toxic to PBMC, a dose response 
curve was performed. Various peptides were used in a 24-hour incubation at 
concentrations of 50, 100 and 200 µg/ml, except for LL-37 which was used at  
concentrations of 1, 50 and 100 µg/ml. Briefly, 100 µl of stimulated cells (2 x106 
cells/ml) were incubated with 100 µl of mixed Glo reagent, cells were placed on shaker 
for lysis to occur and the released luminescent was read on a TD21 Luminometer (Turner 
Designs, Sunnyvale, CA, USA). Results are expressed as a stimulation index (SI) relative 
to the medium. 
 
Enzyme-linked immunosorbent assay (ELISA) for cytokines 
 
Cytokine secretion were evaluated by incubating 1x106 PBMC in 1 ml of culture medium 
for 24 hours in 6 well plates (Corning, Corning, NY) with the following peptides: IDR-
1002, PR-39, Indolicidin, PG-1, pBD-1, pBD-2 and LL-37 at concentrations of 1, 5, 10, 
25, 50 or 100 µg/ml. LPS (100 ng/ml) was also used as a control. Culture supernatants 
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were collected and concentrations of IL-6, IL-8, IL-12 and TNF-α were assayed using 
porcine DUOSET® commercial kits as per the manufacturer’s instructions (R&D 




Migration of PBMC in response to HDPs was assessed using 24-well TRANSWELL® 
chamber plates (5 µm pore size, Corning) as described [92]. Briefly 600 µl of media 
contained the peptides was added in the lower chamber of the TRANSWELL® and 
5 × 105 PBMC in 100 µl of culture medium were added to the upper chamber. Following 
a 2-hour incubation at 37 °C in humidified air with 5% CO2 cells in the lower chamber 
were harvested and counted on a hemocytometer using Trypan Blue exclusion. Results 
are expressed as the number of cells that migrated into the lower chamber containing 
peptides/ by the number for cells that migrated into the lower chamber containing media 
alone 
 
Immune cell recruitment following intradermal peptide administration 
 
HDPs (LL-37, PG-1, PR-39, pBD-1, Indolicidin and IDR-1002) were intradermally 
administered to 4 pigs at concentrations of 10 and 100 µg per site in 100 µl of PBS. 
Saline was used as a negative control and IL-8 (2*10-7 M) and LPS (2.5 mg/ml) were 
used as positive controls. Each pig flank received the same treatments (Figure 5-1) and 
was used for a time point, namely, 30 minutes and 3 hours. Another experiment was set 
up in a similar manner except the samples were taken after 17 hours. Samples were 
collected in formalin, paraffin-embedded and stained with Hematoxylin and Eosin (H and 
E). Slides were examined by Dr. Richard Uwiera (DVM, PhD., University of Alberta) for 








Statistical analysis was performed by non-parametric Wilcoxon signed rank test for the 
cytokine data and single column t-test for chemotaxis (p-value < 0.05). Analysis was 
performed using the statistical software program GraphPad Prism 5 (GraphPad Software, 
Inc., La Jolla, CA).  
 
 
     
Figure 5-1 Porcine model for intradermal administration of HDPs.  
Pigs were anesthetized for 3 hours (A) and intradermally administered HDPs into various 
sites (B) on either flank. Each flank received the same treatments and was stimulated for 
30 minutes on one side and 3 hours on the opposite side. Punch biopsies (5 mm) were 
taken of the injection site (C). 
 
5.4  Results 
 
LL-37 and PG-1 decrease PBMC viability at high concentrations 
 
The cytotoxic effect of various peptides at different concentrations was examined by 
measuring ATP production (Figure 5-2). Stimulations were compared to cells in media 
alone and expressed as a stimulation index (SI). Decreases in ATP production indicated 
compromised cell viability. Following a 24-hour incubation, the peptides LL-37 at a 
concentration of 100 µg/ml and PG-1 at concentrations of 100 and 200 µg/ml were 
cytotoxic to PBMC. The peptides IDR-1002, PR-39, pBD-1, pBD-2 and Indolicidin at 
concentrations ranging from 50 µg/ml to 200 µg/ml did not decrease PBMC viability and 
were therefore used at these concentrations in further experiments. The concentrations of 
A B C 
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peptides used in this study were comparable to those used in other studies for LL-37 






Figure 5-2 Cytotoxicity of HDPs on Porcine PBMC  
Cytotoxicity assay following a 24 hour stimulation of PBMC with peptides: IDR-1002, 
PR-39, Indolicidin, PG-1, pBD-1, pBD-2 and LL-37 at concentrations of (1, 50 and 100 
µg/ml). The experiments were performed using 2 pigs and results are shown as the 
median ± range and expressed as a stimulation index (ratio of stimulated 
cells/unstimulated cells). Technical triplicates were used.  
 
HDPs increase IL-8 cytokine release 
 
Few studies have examined cytokine production in porcine PBMC following HDP 











































































































































IL-8, IL-12 and TNF-α in PBMC (Figure 5-3). Using ELISA we measured the presence 
of cytokines in the supernatant following 24 hours of stimulation with the HDPs. Overall, 
very low levels of cytokines were detected after stimulations with peptides. However, 
stimulation with the synthetic IDR-1002 at concentrations of 1 µg/ml and 100µg/ml 
significantly induced IL-8 production. Interestingly, at concentrations of 5 µg/ml, 25 
µg/ml and 50 µg/ml there were no statistically significant difference detectable, although 
a trend (p=0.057) was evident. IDR-1002 did not induce the production of IL-12 or TNF-
α in these cells. Similar to IDR-1002, the peptide PR-39 increased the production of IL-8 
at concentrations of 25 µg/ml and 100 µg/ml but had no effect on IL-12 or TNF-α 
production. The peptide Indolicidin increased IL-8 production at 50 µg/ml and 100 µg/ml 
with no effect observed for the other cytokines examined. PG-1 at concentrations of 5 
µg/ml, 50 µg/ml and 100 µg/ml increased IL-8 protein with the higher concentrations 
also increasing IL-12 production (Figure 5-4) but no effect on TNF-α production. 
Interestingly pBD-1 had no effect on the cytokines examined at all, whereas pBD-2 
increased IL-8 concentrations at 1 µg/ml, 5 µg/ml and 100 µg/ml.  
 
In summary we found that at concentrations of 100 µg/ml, with the exception of pBD-1, 
the peptides IDR-1002, PG-1, Indolicidin, pBD-2, PR-39, LL-37 and the lipoglycan LPS 
statistically increased IL-8 protein concentrations. Of the other cytokines examined, PG-1 
induced a statistically significant increase in IL-12 production at a concentration of 100 
µg/ml. None of the peptides examined had any effect on TNF-α production but the 






Figure 5-3 HDPs increase IL-8 release in PBMC. 
IL-8 production by PBMC following a 24 hour stimulation with peptides and LPS. The 
following peptides at concentrations of 1, 5, 10, 25, 50 and 100 µg/ml were used: (a) 
IDR-1002, (b) PR-39 (c) Indolicidin and (d) PG-1 (e) pBD-1 and (f) pBD-2. LPS was 
used at a concentration of 100 ng/ml. Results are shown as the median and were analyzed 
by a non-parametric Wilcoxon signed rank test (*p<0.05). The experiments were 






































































































































































































































































































































Figure 5-4 PG-1 induces IL-12 production in PBMC  
IL-12 production by PBMC following a 24 hour stimulation with the peptide PG-1 at 
concentrations of 1, 5, 10, 25, 50 and 100 µg/ml. Results are shown as the median value 
and were analyzed by a non-parametric Wilcoxon signed rank test (*p<0.05). The 
experiments were performed using 8 pigs and each data point represents a pig.  
 
IDR-1002 and LL-37 chemoattract porcine PBMC  
 
Given that various HDPs are known to chemoattract immune cells, we tested the ability 
of HDPs to chemoattract porcine PBMC by incubating PBMC with various 
concentrations of HDPs for three hours in a transwell assay system. Results demonstrate 
that LL-37 (1 µg/ml) and IDR-1002 (100 µg/ml) were able to attract significant number 
of cells (Figure 5-5). PG-1 (100 µg/ml) (n=12) was also able to significantly chemoattract 
PBMC (Figure 5-5). Given that at this concentration PG-1 decreased cell viability, a dose 




















































pigs (data not shown). Only at concentrations of 100 µg/ml was PG-1 able to 
chemoattract PBMC. The peptides PR-39, pBD-1, pBD-2 and Indolicidin had no effect 




Figure 5-5 HDP chemoattraction of PBMC 
The ability of the HDPs IDR-1002 (100 µg/ml), PR-39 (100 µg/ml), Indolicidin (100 
µg/ml) and PG-1 (100 µg/ml) to recruit PBMC was examined using a transwell assay 
system following a 2 hour incubation. Cells that migrated into the lower chamber were 
counted using trypan blue dye exclusion on a hemocytometer. Results are expressed as 
the number of cells that migrated into the lower chamber containing peptides/ by the 
number for cells that migrated into the lower chamber containing media alone and are 
shown as the median (n= 8 pigs). Analysis was performed using a single column t-test 
(*p-value < 0.05).  
 
Immune cell recruitment following intradermal peptide administration 
 
Having demonstrated that the peptides IDR-1002, LL-37 and PG-1 were able to recruit 
immune cells in vitro we decided to study their effect in vivo. Following the intradermal 

































































hours and stained with H and E (Figure 5-1). Slides were examined for immune cell 
recruitment to the site of administration. LPS was included as positive control, as it had 
been previously demonstrated that injection of LPS results in recruitment of neutrophils 
[210]. Neutrophils were present in the IL-8 and LPS treated samples at 30 minutes (data 
not shown), 3 hours (Figure 5-6) and 17 hours. These results demonstrate that despite the 
in vitro ability of HDPs to increase the production of IL-8 in PBMCs and their 





            
 
 
Figure 5-6 Porcine intradermal administration of HDPs. 
Pigs were anesthetized for 3 hours and HDPs intradermally administered into various 
sites on the flank. Each flank received identical treatments and represented a different 
time point i.e. 30 minutes or 3 hours. Punch biopsies (5 mm) were taken of the injection 
site. Results are shown for the 3 hour time period: Saline (A) was used as a negative 
control LPS (2.5 mg/ml) (B) and IL-8 (C) were each used respectively as positive 
controls. Sections were paraffin embedded and H and E stained. Magnification is 400x. 




Aluminum salts have been the predominant adjuvant present in licensed vaccines until 
the approval of MF59 as an adjuvant in an influenza vaccine [211]. Important features of 
adjuvants include both the ability to retain antigen at the site of injection and to recruit 
A B C 
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and activate antigen presenting cells [212]. HDPs are suitable candidates for vaccine 
adjuvants as they induce cytokine production, recruit immune cells and modulate TH cell 
polarization [194]. Several studies have demonstrated that HDPs or IDRs co-formulated 
with vaccine formulations enhanced the immune response to a variety of antigens [151-
153, 156, 157]. The goal of the present study was to characterize some of the mechanisms 
by which HDPs or IDRs modulate immune responses using the porcine model. We 
demonstrated that HDPs and IDR-1002 induce IL-8 production and recruit PBMC in 
vitro. However, this IL-8 production did not result in the recruitment of neutrophils in 
vivo.  
 
The peptides IDR-1002, PG-1, Indolicidin, pBD-2, PR-39, LL-37 and the lipoglycan LPS 
increased IL-8 protein concentrations in vitro. This is the first study to describe the ability 
of PR-39, IDR-1002 and PG-1, to produce IL-8 in porcine PBMC. Similar to these 
results, stimulation of human bronchial epithelial cells and human airway smooth cells 
with LL-37, pBD-1, pBD-2 and pBD-3 increased IL-8 protein concentrations [198, 202, 
209, 213]. We hypothesized that this ability to enhance IL-8 production would translate 
into increased neutrophil recruitment in vivo. 
 
Following the intradermal administration of peptides in this study, no neutrophil 
recruitment was observed. This observation was surprising given that there is evidence 
that HDPs, both natural and synthetic, recruit neutrophils both in vivo and in vitro. For 
example, it has been demonstrated that the peptide PR-39 recruits porcine neutrophils in 
vitro [205].  Using a mouse model, Nijnik et al. (2010) demonstrated that following the 
administration of IDR-1002, neutrophils are present in the intraperitoneal lavage within 
one hour [214]. Also using a mouse model, Chertov et al. (1997) have shown that 
following the subcutaneous injection of human defensins and CAP37/azurocidin both 
neutrophil and mononuclear cell infiltrates were present at four and 24 hours [215]. 
However, it is possible that the time intervals that were used to examine recruitment, the 
persistence of the peptide in vivo, or possibly the nature of the immunization route 
resulted in less recruitment.  
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Regarding the time intervals used, in this study we chose a 30 minute, 3 and 17 hour 
timeframe. At 30 minutes we expected that if the peptides were directly chemotactic then 
we would observe neutrophils at this timepoint. At 3 hours and 17 hours we anticipated 
that the peptides might be acting on local or recruited cells that in turn would release IL-8 
and recruit neutrophils. If this latter scenario was true then it would have been possible 
that later time points may have been more suitable. Future studies will examine 
timepoints extending up to 48 hours. Another consideration is that immune cells such as 
macrophages or dendritic cells may have been recruited to the injection site at the 
timepoints used in this study. This limitation could be addressed in future studies by 
performing immunocytochemistry and using a panel of markers specific to other cells 
such as DCs and macrophages. 
 
Another reason for the lack of neutrophil recruitment could be that the HDPs did not 
persist at the immunization site. This seems unlikely given that a recent study 
demonstrated that when ovalbumin (OVA) and indolicidin were subcutaneously 
administered in mice, OVA and indolicidin were retained at the immunization site for up 
to 48 hours [216]. However, it is possible that the chemistry and interaction between 
OVA and the HDP may contribute to site retention. Further studies are needed to address 
this interaction.  
 
It is plausible that the nature of the immunization route impacts on the ability of HDPs to 
recruit immune cells. In previous studies demonstrating the recruitment of immune cells 
by peptides, either an intraperitoneal route or a subcutaneous route were used. The route 
of administration may impact on the nature of the immune response demonstrated. For 
example, in the skin, keratinocytes produce innate immune regulators such as HDPs 
[217]. Since HDPs are already present in the dermis, further introduction of them alone 
may not have an effect. It is possible though that in the presence of an antigen that an 
immune response would then be elicited. Another important observation is that certain 
skin conditions such as psoriasis are characterized by high levels of HDPs. Therefore 
during normal conditions it is conceivable, that the skin has a means of regulating the 
production of HDPs to maintain homeostasis. This postulate may be addressed in future 
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studies by examining cytokines that are produced around the injection site to determine 
what type of inflammatory milieu is created if any. 
 
In summary findings from this study demonstrate the interspecies ability of HDPs to 
increase IL-8 production in PBMC, recruit PBMC in vitro but not recruit neutrophils 
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In Chapter five we describe the ability of HDPs to attract PBMC in vitro and neutrophils 
in vivo. We demonstrate that the HDPs, LL-37, PG-1 and IDR-1002 recruit PBMC and 
induce IL-8 production in vitro, but are not able to recruit neutrophils in vivo. While 
undertaking these studies we were also examining the effects of intradermally 
administered IDR-1002 on antigen-specific proliferation. Results from this study are 
presented in Chapter six.  
  
 77 
Chapter 6 DECREASED LYPHOCYTE PROLIFERATION IN PIGS 
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Host defense peptides (HDPs) demonstrate significant promise as potential vaccine 
adjuvants. HDPs have a plethora of immunomodulatory functions including the induction 
of cytokine and chemokine production, recruitment of dendritic cells, as well as 
stimulation and modulation of antigen-specific T cell responses. In this study, the novel 
innate defense regulator (IDR)-1002, was examined for its immunomodulatory 
characteristics in a porcine model. Previously, IDR-1002 was demonstrated to enhance 
IL-8 protein production and increased leukocyte recruitment in vitro. Here, to assess its 
immunomodulatory effects on antigen-specific proliferation, IDR-1002 was intradermally 
administered to pigs in combination with Keyhole Limpet Haemocyanin  (KLH) antigen 
and/or CpG oligodeoxynucelotides (ODN). Pigs were vaccinated, boosted after 10 days, 
and sacrificed 24 days later. IgG serum antibody titres did not differ between the groups 
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throughout the experiment. At the time of sacrifice spleen cells were isolated and co-
incubated with either media, KLH, ovalbumin (OVA) (irrelevant antigen) or Con A. 
Interestingly, both antigen-specific and mitogen-induced proliferation were lowered in 
the KLH/IDR-1002 vaccinated animals, even at four weeks post-treatment. These results 
demonstrate that specific host defense peptides can suppress certain aspects of the pro-
inflammatory immune response, making them highly versatile tools to modulate and 
tailor the immune response to vaccination. Flow cytometry was used to determine if the 
percentage or constituency of various immune cell populations was altered by IDR-1002. 
No changes in either the total percentage or mean fluorescent intensity (MFI) of CD3, 
CD4, CD8, CD21, CD25, CD172a or MHCII were evident. These results suggest that the 
suppressive effects of IDR-1002 are not attributed to its ability to modify immune cell 




Initially host defense peptides (HDPs) were recognized for their microbicidal activity. 
More recently, research efforts have identified various immunomodulatory functions 
ranging from protection against pathogens, anti-endotoxic effects, cytokine production, 
immune cell recruitment and polarization of adaptive immune responses [105]. The 
ability to tailor adaptive immune responses is a key function that is highly relevant for the 
development of novel vaccines as well as the development of therapeutic approaches for 
various diseases. Adaptive immune responses are characterized by several T helper (Th) 
subsets including Th1, Th2, Th0, Th17 and regulatory T cells (TR). Each of these subsets 
is categorized by the production of certain cytokines: amongst others Th1 cells produce 
interferon (IFN)-γ, a cytokine involved in the clearance of intracellular pathogens; Th2 
cells produce interleukin (IL)-4, IL-5 and IL-13 and are involved in the clearance 
extracellular pathogens; Th17 cells produce IL-17 and IL-22 and are implicated in the 
clearance of fungi; Th0 subsets are known for their ability to produce IL-4 and IFN-γ; 
and TR cells are known for their production of  TGF-β and IL-10 [218].  
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Various studies have described the role of HDPs in modulating these various types of 
adaptive immune responses [194]. HDPs can be grouped into two main families of HDPs, 
which comprise of defensins and cathelicidins, both of which modulate aspects of 
immune functioning. Using a mouse model, it has been demonstrated that the 
administration Keyhole Limpet Hemocyanin (KLH) in combination with defensins 
resulted in higher KLH-specific IgG1, IgG2a and IgG2b antibodies [150]. Also, spleen 
isolates from defensin treated mice had higher concentrations of IL-4 and IFN-γ as well 
increased lymphocyte proliferation [150]. The subcutaneous immunization of a 
formulation comprising of CpG ODNs, polyphosphazene and indolicidin (a bovine host 
defense peptide), gave rise to higher IgG1 and IgG2a titres and IFN-γ secretion in a 
mouse model [151]. This group also demonstrated increased IgG titres and IFN-γ 
secretion using a bovine model, and subcutaneously administering indolicidin, CpG ODN 
and hen egg lysozyme (HEL), [152]. These studies demonstrate the immunomodulatory 
capability of HDPs on immune responses.  
 
Interestingly, specific immunomodulatory functions can also be attributed to synthetic 
HDP derivatives, known as IDRs. The molecules have demonstrated substantial potential 
as immunomodulators. For example, the intranasal administration to mice of a complex 
of CpG ODN 10101, IDR-HH2 and detoxified pertussis toxin (PTd) resulted in 
significantly higher IgA and total IgG titres compared to PTd and CpG ODN 10101 alone 
or PTd and IDR-HH2 alone [153]. Furthermore, following the intranasal administration 
of CpG ODN and IDR-HH2, IFN-γ and IL-12 mRNA levels were increased while IL-4 
mRNA levels were decreased in the jejunum of neonatal piglets [145]. Another study also 
demonstrated that CpG ODN and IDR-HH2 combined with attenuated Pseudorabies virus 
(PRV) vaccine resulted in higher PRV-specific antibodies of IgG2 isotype as well the 
Th1 cytokines IFN-γ and IL-12 [154]. Similar results were seen in both adult and 
neonatal mice, whereby the subcutaneous administration of a combination of the IDR-
HH2, CpG ODN and polyphosphazenes resulted in higher IgG2a responses [156]. In 
addition to the effects seen with IDR-HH2, the novel IDR-1002 also demonstrates 
immunomodulatory capacity. IDR-1002 increased IL-8 cytokine production in pigs 
[219], recruited porcine PBMC in vitro [219], recruited mouse immune cells [214] and 
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decreased bacterial load in a mouse model of  Staphylococcus aureus [214]. The effect of 
a triple combination of PTd, CpG ODN, an IDR and polyphosphazenes was also 
demonstrated using IDR-1002 in a murine model. Garlapati et al. (2011) demonstrated 
that the subcutaneous administration of this combination induced higher Th1 type of 
responses as shown by an increase in the cytokines, monocyte chemotactic protein 
(MCP)-1, tumor necrosis factor (TNF)-α, IFN-α, IL-12 and IL-17 and decrease in IL-10 
concentrations [157].  
 
In this study the effects of intradermal administration of IDR-1002 and KLH to pigs was 
examined for its potency to modulate antigen-specific proliferation, antibody responses 
and changes in the constituency of various immune cell populations. While no changes in 
antibody titres were observed between different vaccination groups, in the KLH-IDR- 
1002 vaccinated animals antigen-specific and mitogen-induced proliferation was lowered 
and this was not attributed to changes in the constituency of immune cell populations.  
 




In this study eight week old Dutch Landrace pigs purchased from Saskatoon Prairie 
Swine Centre, University of Saskatchewan were used. Experiments were performed in 
accordance with the ethical standards set by the University of Saskatchewan and the 
Canadian Council for Animal Care. 
 
Intradermal vaccination of IDR-1002 
 
Pigs at four weeks of age were intradermally vaccinated with 1 mg of Keyhole Limpet 
Hemocyanin (KLH) from Megathura crenulata (Sigma Aldrich) in 30% emulsigen either 
alone or with the class C CpG ODN 10101 (TCGTCGTTTTCGGCGCGCGCCG) (150 
µg) or IDR-1002 (300 µg). IDR-1002 (VQRWLIVWRIRK-NH2), was synthesized by F-
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moc chemistry at the Nucleic Acid/Protein Acid/Synthesis Unit at the University of 
British Columbia (Vancouver, British Columbia, Canada) and was resuspended in 
endotoxin-free water. Every two weeks pigs were boosted for a total of two vaccinations. 
At the time of sacrifice spleen cells and PBMC were isolated. 
 
Isolation and stimulation of PBMC 
 
Blood was collected by venipuncture from each pig using EDTA-coated syringes for flow 
cytometric analysis at the time of the first bleed (day0), day two, day 22 and at the time 
of sacrifice. Blood mononuclear cells were isolated using a 60% Ficoll-Paque™ Plus 
gradient (GE Healthcare, Uppsala, Sweden). PBMC were maintained in RPMI 1640 
(Gibco, Grand Island, NY) supplemented with 10% FBS, 0.5 mM β-Mercaptoethanol, 
10% Antibiotic/Antimycotic (Gibco, Grand Island, NY), 10% HEPES (Gibco, Grand 
Island, NY) and 10% MEM Non Essential Amino Acids (Gibco, Grand Island, NY) and 
incubated in humidified air containing 5% CO2. 
 
Lymphocyte proliferation assay 
 
Spleen cells were pulsed with OVA, KLH or Con A for 72 hours in 96-well U-bottom 
plates (Corning, Corning, NY). During the last eight hours of culture 1 µCi of 
[3H]thymidine (Amersham Pharmacia Biotech, Baie de Urfe, PQ) was added and 





Microtiter plates (Immulon 2 HB; Dynex Technologies, Chantilly, VA) were coated with 
KLH 10 µg/ml (100 µl per well) and incubated with sera that were serially diluted. KLH 
specific IgG was detected using alkaline phosphatase-conjugated goat anti-pig 
immunoglobulin G (IgG; 1:5,000 dilution; Kirkegaard & Perry Laboratories, 
Gaithersburg, MD). Biotinylated goat anti-mouse IgG (1:5,000 dilution; Zymed) was 
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used for reaction amplification. Streptavidin peroxidase (1:5,000 dilution; Jackson 
Laboratories) p-nitrophenylphosphate (Sigma-Aldrich) were used to detected the reaction 




The following anti-porcine antibodies were used for assessing immune cell types: 
CD172a (BL1H7), CD1 (76-7-4), CD3 (PPT3), CD4 (74-12-4), CD8 (PT36B), CD14 
(MIL-2), CD16 (MCA1971), CD21 (BB6-11C9.6), MHCII (K274.3G8) and MHCI 
(SLA-I). All of the antibodies were obtained from Serotec (Oxford, UK) unless otherwise 
mentioned. Fluorescein isothiocyanate (FITC) anti-mouse immunoglobulins IgG1, IgG2a 
and IgG2b (Southern Biotech, Birmingham, AL) were used for detection by flow 
cytometry. 
 
Immunofluorescence staining was performed by incubating 1x106 cells for 20 minutes at 
4°C with each antibody. Cells were washed three times with cold PBS (1X) (pH 7.2) 
(Gibco, Grand Island, NY) containing sodium azide (0.03%) and gelatin (0.02%) and 
incubated with FITC- conjugated secondary antibody for 20 minutes at 4°C, washed three 
times and fixed with paraformaldehyde (2%). Ten thousand events were collected and 
analyzed by flow cytometry (FACScalibur™, CELLQuest™ software; Becton 




Statistical analysis was performed using the statistical software program GraphPad Prism 
5 (GraphPad Software, Inc., La Jolla, CA). For lymphocyte proliferation, results are 
expressed as a stimulation index (SI) and analyzed by Kruskal-Wallis test. For flow 
cytometry, to determine treatment effects over time in PBMC, the non-normally 
distributed data were rank transformed and then analyzed by a 1-way ANOVA (p-value < 





KLH specific lymphocyte proliferation 
 
KLH-specific in vitro proliferation of spleen cells from immunized pigs was determined 
by examining the uptake of [3H]thymidine. The four vaccinations groups comprised of 
animals immunized with KLH alone or a co-formulated with either KLH/IDR-1002, 
KLH/CpG ODN or KLH/ IDR-1002/CpG ODN. Splenocytes from these different 
vaccination groups were stimulated with either media alone, KLH, OVA or Con A to 
determine an effect of the treatment. 
 
Splenocytes from animals immunized with KLH, and stimulated with KLH (Figure 6-1A) 
compared to stimulation with OVA (Figure 6-1B) showed statistically higher 
proliferation (p<0.05). Splenocyte median stimulation indices of KLH stimulation versus 
OVA stimulation ranged for KLH alone from 16.8 to 1.2; for KLH/ IDR-1002 from 4.2 
to 1.1; for KLH/CpG ODN from 11.2 to 1.3; and for KLH/IDR-1002/CpG ODN from 7.9 
to 1.1. These results demonstrate that proliferation occurred in an antigen-specific 
manner.  
 
The effects of stimulation with KLH in the four vaccination groups were as follows:  
Splenocytes from the KLH immunized animals had a median SI of 16.8 compared to 4.2 
in the KLH/IDR- 1002 group, 11.2 in the KLH/CpG ODN group and 7.9 in the 
KLH/IDR- 1002/CpG ODN group ((Figure 6-1A). A similar trend was observed with 
Con A stimulation (Figure 6-1C), with SIs for the respective vaccination groups KLH, 
KLH/ IDR-1002, KLH/CpG ODN and KLH/ IDR-1002/CpG ODN as such: 139.4, 14.2, 
42.5, and 33.4. Vaccination groups comprising of IDR-1002 in the formulation had lower 
SIs compared to KLH alone when stimulated with either KLH or Con A respectively.  
 
In summary, when KLH immunized animals and KLH/ IDR-1002 immunized animals 
were stimulated with the mitogen Con A, there was a statistically significant decrease in 
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splenocyte proliferation in the KLH/IDR-1002 immunized animals. The same trend was 
observed when KLH was used as an antigen.  
 
In KLH immunized pigs, stimulation with the mitogen ConA as compared to KLH, 




Figure 6-1 Effect of intradermal vaccination with IDR-1002 on antigen specific and 
mitogen induced lymphocyte proliferation 
Splenic lymphocyte proliferation following the intradermal administration of KLH was 
observed in four vaccination groups namely, KLH, KLH/IDR-1002, KLH/CpG ODN and 
KLH/IDR-1002/CpG. Eight pigs were used per group, spleens were isolated and then 
stimulated with either KLH (A), OVA (B) (irrelevant antigen) or concanavalin (Con A) 




To determine if the vaccination groups influenced overall IgG antibody titres, at two 
weeks post vaccination at the time of the boost, sera was collected from immunized 
animals and examined for serum IgG levels (Figure 6-2). Animals immunized with KLH 
and KLH/IDR-1002 had similar antibody titres to animals immunized with KLH/ CpG 
ODN and KLH/IDR -1002/CpG ODN. Levels of IgG were numerically lower in animals 























































































































KLH/CPG ODN and KLH/IDR-1002/CpG ODN. At the time of sacrifice, this effect was 
absent and no differences in antibody titres were observed (Figure 6-2). 
 
 
Figure 6-2 IgG antibody titres to immunization with various adjuvants.  
Pigs (n=8 per group) were immunized intradermally with KLH, KLH/IDR-1002, KLH 
/CpG ODN or KLH, IDR-1002/CpG ODN at four weeks of age with an identical 
immunization given at six weeks. Sera were collected before the vaccination, at the time 
of the first boost which was 2 weeks later. Results are demonstrated as IgG antibody log 


















































































To determine if the ability of IDR-1002 to lower lymphocyte proliferation was attributed 
to immune cell populations, we examined the cell surface marker expression of CD3, 
CD4, CD8, CD14, CD21, CD25, CD172a, MHCII and MHCI in splenocytes from 
immunized animals. No differences in both overall percentage and mean fluorescent 




































































































































































































































































































































Figure 6-3 Surface phenotype of porcine splenocytes.  
 At day 35 splenocytes were analyzed by flow cytometry for CD3 (A), CD4 (B), CD8 
(C), CD14 (D), CD21 (E), CD25 (F), CD172a (G) and MHCII (H). Data are shown as a 
median percentage of positive cells (1.1) and mean fluorescent intensity (1.2) for each 
marker examined. Data for the splenocytes are representative of six pigs from four 
different vaccination groups of KLH, KLH/IDR-1002, KLH/CpG ODN and KLH/IDR-

































































































































































































































































































































Vaccine research is driven by the need to develop novel vaccines and improve the 
efficacy of currently existing vaccines via the use of novel adjuvants. Candidates for 
novel adjuvants include HDPs and IDRs, which have been shown to modulate immune 
responses [151-153, 156]. We demonstrated that IDR-1002 did not alter overall IgG titres 
but decreased antigen-specific lymphocyte proliferation. Moreover, we have shown that 
this effect was not due to changes in the proportion of immune cell populations present. 
In summary the IDR-1002 demonstrated promise as an immunosuppressive agent.  
 
No other study has examined the effect of the IDR-1002 on antigen specific proliferation. 
Here we demonstrate that the IDR-1002 decreased antigen specific proliferation. It is 
important to note that the decreased proliferation was not due to cell death induced by 
IDR-1002. In the proliferation assay, splenocytes were exposed to either KLH, OVA or 
Con A and not IDR-1002. Exposure to IDR-1002 only occurred during the vaccinations.   
 
Explanations for this decreased proliferation may include the following: neutrophil 
uptake of antigen at the injection site, the generation of tolerogenic DCs or the direct 
action of the IDR-1002 on T cells. In PBMC we demonstrate that the IDR-1002 induces 
IL-8 production. Therefore, it is conceivable that in vivo neutrophils are recruited by the 
IDR-1002 to the injection site where they might compete for antigen with antigen 
presenting cells [220]. By decreasing the amount of antigen available, T cell 
responsiveness may be affected [221]. While this explanation is plausible, it seems 
unlikely since intradermal administration of the IDR-1002 did not results in neutrophil 
recruitment at 30 minutes, 3 hours and 17 hours [219]. 
 
Another theory for decreased lymphocyte proliferation is the generation of tolerogenic 
DCs. Tolerogenic DCs can be induced by IL-10 [222]. Stimulation of human monocytes 
with IDR-1002 gives rise to higher levels of IL-10 [214]. Therefore, it is possible that 
following intradermal administration of 1002, IL-10 was produced and subsequently 
induced tolerogenic DCs. Also, skin Langerhans cells have been demonstrated to be 
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tolerogenic [223]. Thus, it is possible that during intradermal administration of KLH and 
the IDR-1002 Langerhans cells were rendered tolerogenic. Future experiments to address 
this possibility would need to address which immune cell type is responding to the 
vaccination as well as what assessment of the cytokine milieu at the injection site.  
 
A final explanation for lowered lymphocyte proliferation might be that the IDR-1002 acts 
directly on T cells making them less responsive to proliferative stimuli. Evidence for this 
explanation arises from studies whereby HDPs decreased lymphocyte proliferation [224]. 
Schluesener et al. (1993) observed that at doses of 10 µg/ml Indolicidin decreased 
[3H]thymidine incorporation into T cells and was cytotoxic using a model of rat 
autoimmunity [225]. In another study, proliferation was reduced in porcine PBMC, which 
in the presence of Con A, were stimulated with BMAP-27, BMAP-28, or Indolicidin 
[224]. In the latter study, isolation of porcine CD4+/CD8+ T cells demonstrated that T cell 
proliferation was significantly lowered following stimulation with HDPs [224]. This 
decrease in proliferation was not attributed to cell necrosis but to anergy as ATP 
production was reduced and CTLA expression increased [224]. Using flow cytometry we 
examined different immune cell populations. We did not, however, examine CTLA 
expression, which could have provided more evidence that the immune suppression that 
we observed was due to anergy as was the case with BMAP-27 and BMAP-28.  In 
Dybvig’s study the addition of exogenous IL-2 reversed anergy. To determine if decrease 
lymphocyte proliferation was due to IDR-1002 inducing T cell anergy, future studies will 
involve the addition of IL-2 to proliferation assays.  
 
The ability of HDPs to induce regulatory T cells (TR) is demonstrated in a study by 
Navid et al. (2012), whereby murine β-defensin-14 (mBD-14) induced antigen specific 
TR [226]. In this study, mice that had been exposed to ultraviolet radiation were 
sensitized with 2,4-dinitro-1-fluorobenzene (DNFB). In these mice the contact allergen 
DNFB did not induce sensitization but instead immunotolerance. Ultraviolet radiation 
induced the expression of mBD-14, which was demonstrated to induce FOXP3+ in 
CD4+CD25- cells. The effects of mBD-14 were demonstrated to be APC independent and 
IL-10 dependent [226]. This study demonstrates the potential of HDPs to induce TR. In 
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this context, it would have been interesting to examine the effects of IDR-1002 on T cell 
phenotype to determine if IDR-1002 induced FOXP3+ expression as well as IL-10 
cytokine production. 
 
We did not observe a change in overall IgG titres. Results from other studies support this 
observation. In mice, it has been demonstrated that following the subcutaneous 
administration of OVA and the adjuvant indolicidin there was no change on overall IgG 
titres [151]. Similar results were shown in cattle, using the antigen HEL and the HDP 
Indolicidin [152]. Contrary to the lack of effect on IgG titres that we observed, in studies 
where the IDR-HH2 was used, overall IgG titres increased. It was demonstrated that the 
intranasal delivery of PRV alone or PRV and IDR-HH2 in pigs induced higher overall 
IgG titres [154]. A similar effect on IgG titres was observed in mice, following the 
intranasal delivery of PTd alone or in combination with HH2 [153].  
 
Reasons for the discrepancies observed in changes in IgG titres may be several-fold. The 
ability to induce higher overall IgG titres maybe a function of the HDP or IDR used, the 
antigen, animal age, animal species and/or route of immunization. Regarding the HDP or 
IDR used, it appears that HH2 as compared to the IDR-1002 or Indolicidin may have the 
ability to enhance overall IgG titres. It is important to note that we did not assess IgG1 
and IgG2 titres to determine if there was a change in the respective titres. In studies 
demonstrating an overall change in IgG titres in pigs, the peptide HH2 skewed the 
immune response towards a Th2 type of response (higher IgG1 titres) [154]. Since we did 
not see a change in overall IgG titres, it is not likely that there was a change in IgG1 or 
IgG2 shifting. The antigen used and animal age also impact on the production of IgG 
titres. In studies using CpG as an adjuvant both of these factors play a contributing role. 
In three to seven day old piglets, the use of CpG ODN increased IgG titres to PRV 
following subcutaneous immunization [154, 227]. In our study, the intradermal 
administration of CpG ODN with KLH to eight week-old pigs did not enhance overall 
IgG titres. Animal species also impacts on the production of IgG titres.  In contrast to 
some of the pig studies, in cattle, CpG ODN in combination with HEL did not give rise to 
statistically significantly higher IgG titres [152]. This effect of CpG ODN on IgG titres 
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was also not observed in BALB/c mice, where the intranasal immunization of PTd alone 
or in combination with CpG ODN had no effect on IgG, IgG1 or IgG2a titres [153]. 
Differences in the effect of HDPs or IDRs on overall IgG titres may also be impacted by 
the route of immunization used i.e. subcutaneous as compared to intranasal or 
intradermal. Studies demonstrate that the route of vaccination contributes to the nature of 
the immune response generated. For example, Kaur et al. (2008) demonstrated that 
inoculation with leishmania promastigotes via the subcutaneous route elicited a Th1 
response while the intracardiac route elicited a Th2 response [228]. Using a pig model, 
Cao et al. (2011) demonstrate that while there was no significant difference in cytokine 
production between intranasal and subcutaneous route, the latter route induced a stronger 
IFN-γ and IL-12 response than the intranasal route [154]. Therefore, it is plausible that in 
our study we are observing an effect related to the intradermal route of immunization. 
Future studies exploring different routes of immunization will allow us to understand if 
the immunosuppressive effect of IDR-1002 is related to immunization route.  
 
In conclusion we demonstrate that the IDR-1002 has potential to act in an 
immunosuppressant manner.  Certain diseases such as arthritis are characterized by a pro-
inflammatory state. Agents that suppress pro-inflammatory components of the immune 
system serve as potential immunotherapeutic agents. In summary, using this model of 
intradermal administration, IDR-1002 demonstrates merit as an immunosuppressive 
agent and may be useful in the treatment of conditions characterized by pro-inflammatory 
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Chapter 7 GENERAL DISCUSSION 
 
Dendritic cells are important surveillance cells in the immune system. They are located at 
sites of pathogen entry where they can sample and process antigens. The presentation of 
antigens by DCs can elicit potent T cell responses, which in turn links the innate and 
adaptive immune system [4]. Targeting of DCs and immunomodulation of their function 
is a key strategy in the design of more effective and novel vaccines [229]. HDPs and 
IDRs show great promise as vaccine adjuvants. As part of a larger multinational research 
effort to develop a novel adjuvant platform for neonates, we screened a number of HDPs 
in porcine, murine and human cells. We hypothesized that selected HDPs could 
immunomodulate porcine DCs. To this end we characterized two subsets of porcine DCs, 
namely MoDCs and BDCs. In chapter three we compared these two DC subsets and also 
described how they responded to stimulation by LPS [82]. Phenotypically MoDCs had a 
higher expression of CD80/86 and demonstrated higher endocytic activity. Interestingly, 
MoDCs had higher base concentrations of IL-6, IL-8 and TNF-α proteins than BDCs, but 
were less responsive to stimulation with LPS. MoDCs were better able to stimulate the 
proliferation of both naïve and primed T cells whereas BDCs were better able to 
stimulate the proliferation of primed T cells. Following the successful generation of 
porcine MoDCs and isolation of BDCs, we further characterized these subsets by 
examining the stability of reference gene expression in chapter four. This characterization 
arose from the importance of knowing which reference genes are stably expressed and 
therefore could be used for expression analysis studies in porcine immune cells. In 
chapter four, we described our recommendations for which reference genes could be used 
for expression analysis studies in porcine PBMC, T cells, monocytes, MoDC and BDCs, 
either alone or following stimulation with LPS.   
 
Following the successful generation and isolation of MoDCs and BDCs, we investigated 
the effects of HDP treatment on DC cytokine production and chemokine expression using 
the IDRs HH2, HH17 and HH18. Surprisingly, we were unable to demonstrate any 
effects of stimulation of the DCs with these peptides. This could be due to a number of 
reasons including the peptides that were selected, their inability to react with porcine 
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cells, the cell type being used, or compromised function of the isolated DCs due to the 
isolation procedure itself. I was involved in some studies with Dr. Auray involving the 
characterization of porcine MoDCs and BDCs in response to various TLR ligands. We 
demonstrated that both MoDCs and BDCs responded to TLR ligands [92]. These results 
showed that it was unlikely that the lack of effect that we were observing using HH 
peptides was due to compromised function of the DCs. It is possible that TLR ligands are 
able to modulate DCs in the absence of antigen, whereas HDPs, which are naturally 
present in many sites in the body, may require extra signals to modulate DCs. We did not 
explore this possibility with the HH peptides and DCs.  To ensure that the lack of effect 
that we observed was not due to the HH peptides that we had selected, we decided to use 
different HDPs and to include a variety of naturally-occurring peptides from different 
species that included the bovine cathelicidin indolicidin, the human cathelicidin, LL-37, 
porcine defensin pBD-1 and the porcine cathelicidins PG-1 and PR-39. We also included 
the synthetic peptide, IDR-1002, which by this time was showing promise as an 
immunomodulater from in-house vaccine trials. We also decided to screen PBMC and 
not DCs, which are an isolated cell population. This allowed us to assess the effect of 
HDPs and the IDR-1002 in a mixed cell population containing monocytes, DCs and 
leukocytes. In chapter five, the ability of these HDPs and the IDR-1002 to induce 
cytokine production and recruit porcine PBMC was examined [219]. We assessed the 
expression of cytokines IL-6, IL-8, IL-12, TNF-α. We were the first group to show that 
the peptides IDR-1002, PR39, Indolicidin, PG-1, pBD-1, pBD-2 and LL-37 enhanced IL-
8 production. The peptide PG-1 also increased IL-12 cytokine production. Of the peptides 
examined we demonstrated that IDR-1002, LL-37 and PG-1 also recruited porcine 
PBMC in vitro. These observations led us to evaluate the in vivo effects of intradermal 
administration of HDPs. While both LPS and IL-8 demonstrated a strong recruitment of 
neutrophils, none of the peptides had an effect on neutrophil recruitment at the time 
points examined. It is possible, that the peptides examined might not recruit neutrophils 
in the absence of antigens. The presence of antigens may provide additional signals, 
which in the presence of the peptides may signal the immune system’s ability to respond. 
More time points may have been required to examine neutrophil recruitment. 
Alternatively, the peptides may recruit immune cells other than neutrophils to the 
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immunization site, such as macrophages or DCs. A final consideration is that the peptides 
may have been degraded. This issue can be addressed by covalently attaching a tracer to 
the peptides to detect their stability following immunization.  
 
A major focus of this thesis was to examine the immunomodulatory effect of IDRs. 
Therefore, in chapter 6 we examined the effects of vaccinating pigs intradermally with 
KLH alone or in combination with CpG ODN, IDR-1002 or CpG ODN and IDR-1002. 
We observed a decrease in lymphocyte proliferation with the IDR-1002 and no effect on 
overall antibody titres or immune cell constituency. Further studies are required to 
examine the mechanism by which IDR-1002 is able to exert this effect. Reasons for 
which IDR-1002 decreases lymphocyte proliferation may be as follows: Neutrophil 
recruitment to the injection site. These neutrophils may compete with APCs for antigen, 
therefore making fewer antigens available for presentation. Examining the immune cells 
that are recruited to the immunization site would be important in determining if 
neutrophils play a role in the effects that we observe. Another reason may be that IDR-
1002 renders DCs tolerogenic. These DCs would be unable to stimulate T cell 
proliferation. This explanation seems unlikely as no changes in the percentage of T cells 
was detected by flow cytometry in either PBMC or spleens. Alternatively, IDR-1002 may 
interact directly with T cells rendering them less responsive or anergic or inducing TR as 
has been demonstrated with other HDPs [224, 226]. This explanation could be addressed 
by examining the expression of cell surface marker CTLA and looking for increased 
production of IL-10.  
 
In summary we have observed HDPs moderate immune responses depending on the 
context in which they are present. Notably, HDPs demonstrate a dual nature whereby 
they can enhance immune responses or suppress them. Examples of immune response 
enhancement by HDPs arises mostly from studies describing the role of HDPs as 
adjuvants in vaccine formulations [151-153, 156, 157, 230]. In contrast to these effects, 
HDPs also play an anti-inflammatory role. For example, treatment of human MoDCs 
with low concentrations of α-defensins1-3 (0.25– 1 µg/ml) enhanced immune responses 
(increased MoDC expression of costimulatory molecules, cytokine production and T cell 
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proliferation) whereas stimulation with high concentrations of α-defensins 1-3 (10-20 
µg/ml) suppressed immune responses with decreased T cell proliferation [159]. In this 
study, the importance of HDP concentration as a regulating factor was highlighted. Di 
Nardo et al. (2007), demonstrated that the intradermal injection of the mouse cathelicidin 
CRAMP reduced swelling and cell recruitment in response to the application of 2,4-­‐dinitrofluorobenzene	   [231]. Since DCs can link the innate and adaptive immune 
system, Di Nardo et al. (2007) examined the effects of CRAMP on TLR induced 
maturation of DCs. DCs were treated with CRAMP, then washed and exposed to LPS, 
DCs did not mature and IL-6 production was inhibited. Treatment with cathelicidin in 
human MoDCs, LPS induced production of IL-6, IL-8, IL-10 and TNF-α were reduced 
[231]. Also related to modulating LPS induced effects, hBD-3 downregulated TNF-α 
production in response to the TLR4 agonist LPS in human and mouse macrophages 
[232]. Semple et al. (2010), also demonstrated that Balb/c mice exposed to LPS in the 
presence of hBD-3 had lower serum TNF-α concentrations [232]. In human PBMC, LL-
37 enhanced IL-1β induced IL-6 and IL-8 production but suppressed IL-6 production 
when the immune mediators IFN-y, IL-4 or IL-12 were present [233]. LL-37 also 
inhibited human DC activation by TLR ligands, including LPS, lipoteichoic acid and 
flagellin [234]. These studies described the immunosuppressant role of HDPs and also 
the importance of the local microenvironment. For example a change in one modulator 
can switch the role of LL-37 from being pro-inflammatory to anti-inflammatory or the 
exposure to a HDP prior to encounter LPS can modify cellular responses. The 
immunosuppressant role of HDPs may be key in resolving inflammation and preventing 
tissue damage. This dual nature of HDPs can be explored by administering them in the 
presence of different modulators to determine whether or  not it is possible to orchestrate 
pro- or anti- inflammatory conditions.    
 
In this study, our work began by examining the effects of HDPs on DC functions. 
However no strong effects on immune functioning were observed and further studies 
involved looking at PBMC and eventually examining in vivo effects in whole animals. 
Given the complex interplay between the tissue environment, cell cooperation and 
individual cells [235], HDP behavior is more completely depicted when it is examined in 
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this context (Figure 7-1). HDPs can be released from epithelial cells or from various 
other leukocytes and can recruit other immune cells. Subsequently HDPs in concert with 
other immunomodulators impact on the functioning of immune cells such as DCs, which 




Figure 7-1 HDPs as innate immune system modulators  
HDPs are immunomodulators that can act at various levels by recruiting immune cells, 
upregulating or downregulating cytokine production, modulating responses to TLR 
ligands and maturing DCs. The modulation of cells such as DCs by HDPs, depends on 
the local microenvironment created by tissue epithelial cells and stromal cells as well as 
by factors released by other cells. 
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Chapter 8 Overall Conclusion 
 
In conclusion, we have successfully isolated and characterized both BDCs and MoDCs. 
Regarding the immunomodulatory effect of HDPs and IDRs, we have demonstrated a 
lack of effect with IDRs HH2, HH17 and HH18 on the MoDC and BDC populations that 
we generated. We did however demonstrate that the IDR-1002, and various HDPs 
induced IL-8 secretion in PBMC and recruited PBMC. This in vitro production of IL-8 
did not translate into neutrophil recruitment following the intradermal administration of 
these peptides into the pig dermis. Lastly, we demonstrated that the IDR-1002 decreased 
lymphocyte proliferation and therefore may represent a strategy for immunosuppression.   
 
 
8.1 Future work  
 
There are several directions that the work from this thesis can take. Of particular interest 
is developing an understanding for the mechanism of action of IDR-1002 in decreasing 
lymphocyte proliferation. It is possible that this peptide induces anergy as was 
demonstrated with the BMAP proteins [224]. It would be noteworthy to determine if this 
immunosuppressive state could be overcome by the administration of exogenous IL-2 in 
LPRs. Also of interest would be to examine which immune cells are recruited to the 
injection site via immunohistochemistry, using specific markers for DCs, macrophages 
and lymphocytes. One could also study the cytokine milieu at the injection site possibly 
by taking biopsies for RT-qPCR analysis of cytokine gene expression. Another 
interesting aspect that could be addressed, is the effect of using different routes of 
administration for example, subcutaneous or intramuscular administration as compared to 
intradermal. When IDR-1002 is administrated subcutaneously with PTd, antibody titres 
were increased and protection was observed [214]. Differences between these studies and 
ours include the antigen tested and the route of administration. Studies comparing the 
subcutaneous administration of KLH versus PTd, as an antigen in combination with IDR-
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1002, would allow for a better understanding of the role played by each antigen as well as 
the immunization route. Another final matter to examine is that of synergy between CpG 
ODN and IDRs. In combination, IDRs demonstrate protective effects in vaccination 
studies. An understanding of which signaling pathways are activated by IDRs and CpG 
ODN would allow for a greater understanding of how these adjuvants work. 
 
   
 101 
Chapter 9 REFERENCES 
 
[1] Steinman RM, Cohn ZA. Identification of a novel cell type in peripheral 120 
lymphoid organs of mice. I. Morphology, quantitation, tissue distribution. The Journal of 121 
experimental medicine 1973 May 1;137(5):1142-62. 122 
[2] Steinman RM, Cohn ZA. Identification of a novel cell type in peripheral 123 
lymphoid organs of mice. II. Functional properties in vitro. The Journal of experimental 124 
medicine 1974 Feb 1;139(2):380-97. 125 
[3] Steinman RM. Dendritic cells: understanding immunogenicity. European journal 126 
of immunology 2007 Nov;37 Suppl 1:S53-60. 127 
[4] Steinman RM. Decisions about dendritic cells: past, present, and future. Annual 128 
review of immunology 2012;30:1-22. 129 
[5] Steinman RM, Banchereau J. Taking dendritic cells into medicine. Nature 2007 130 
Sep 27;449(7161):419-26. 131 
[6] Asselin-Paturel C, Trinchieri G. Production of type I interferons: plasmacytoid 132 
dendritic cells and beyond. The Journal of experimental medicine 2005 Aug 133 
15;202(4):461-5. 134 
[7] Randolph GJ, Ochando, J., Partida-Sanchez, S. Migration of dendritic cell subsets 135 
and their precursors. Annual review of immunology 2008;26:293-316. 136 
[8] Villadangos JA, Young L. Antigen-presentation properties of plasmacytoid 137 
dendritic cells. Immunity 2008 Sep 19;29(3):352-61. 138 
[9] Ronnblom L, Ramstedt U, Alm GV. Properties of human natural interferon-139 
producing cells stimulated by tumor cell lines. European journal of immunology 1983 140 
Jun;13(6):471-6. 141 
[10] Chehimi J, Starr SE, Kawashima H, Miller DS, Trinchieri G, Perussia B, et al. 142 
Dendritic cells and IFN-alpha-producing cells are two functionally distinct non-B, non-143 
monocytic HLA-DR+ cell subsets in human peripheral blood. Immunology 1989 144 
Dec;68(4):486-90. 145 
[11] Siegal FP, Kadowaki N, Shodell M, Fitzgerald-Bocarsly PA, Shah K, Ho S, et al. 146 
The nature of the principal type 1 interferon-producing cells in human blood. Science 147 
1999 Jun 11;284(5421):1835-7. 148 
[12] Svensson H, Johannisson A, Nikkila T, Alm GV, Cederblad B. The cell surface 149 
phenotype of human natural interferon-alpha producing cells as determined by flow 150 
cytometry. Scandinavian journal of immunology 1996 Aug;44(2):164-72. 151 
[13] Reizis B, Bunin A, Ghosh HS, Lewis KL, Sisirak V. Plasmacytoid dendritic cells: 152 
recent progress and open questions. Annual review of immunology 2011 Apr 23;29:163-153 
83. 154 
[14] Swiecki M, Colonna M. Unraveling the functions of plasmacytoid dendritic cells 155 
during viral infections, autoimmunity, and tolerance. Immunological reviews  156 
Mar;234(1):142-62. 157 
[15] Cella M, Jarrossay D, Facchetti F, Alebardi O, Nakajima H, Lanzavecchia A, et 158 
al. Plasmacytoid monocytes migrate to inflamed lymph nodes and produce large amounts 159 
of type I interferon. Nat Med 1999 Aug;5(8):919-23. 160 
[16] Stoecklinger A, Eticha TD, Mesdaghi M, Kissenpfennig A, Malissen B, 161 
Thalhamer J, et al. Langerin+ dermal dendritic cells are critical for CD8+ T cell 162 
 102 
activation and IgH gamma-1 class switching in response to gene gun vaccines. J Immunol 163 
2011 Feb 1;186(3):1377-83. 164 
[17] Dzionek A, Fuchs A, Schmidt P, Cremer S, Zysk M, Miltenyi S, et al. BDCA-2, 165 
BDCA-3, and BDCA-4: three markers for distinct subsets of dendritic cells in human 166 
peripheral blood. J Immunol 2000 Dec 1;165(11):6037-46. 167 
[18] Ju XS, Hacker C, Scherer B, Redecke V, Berger T, Schuler G, et al. 168 
Immunoglobulin-like transcripts ILT2, ILT3 and ILT7 are expressed by human dendritic 169 
cells and down-regulated following activation. Gene 2004 Apr 28;331:159-64. 170 
[19] Penna G, Sozzani S, Adorini L. Cutting edge: selective usage of chemokine 171 
receptors by plasmacytoid dendritic cells. J Immunol 2001 Aug 15;167(4):1862-6. 172 
[20] Yoneyama H, Matsuno K, Matsushimaa K. Migration of dendritic cells. 173 
International journal of hematology 2005 Apr;81(3):204-7. 174 
[21] Diacovo TG, Blasius AL, Mak TW, Cella M, Colonna M. Adhesive mechanisms 175 
governing interferon-producing cell recruitment into lymph nodes. The Journal of 176 
experimental medicine 2005 Sep 5;202(5):687-96. 177 
[22] Pascale F, Contreras V, Bonneau M, Courbet A, Chilmonczyk S, Bevilacqua C, et 178 
al. Plasmacytoid dendritic cells migrate in afferent skin lymph. J Immunol 2008 May 179 
1;180(9):5963-72. 180 
[23] Yrlid U, Cerovic V, Milling S, Jenkins CD, Zhang J, Crocker PR, et al. 181 
Plasmacytoid dendritic cells do not migrate in intestinal or hepatic lymph. J Immunol 182 
2006 Nov 1;177(9):6115-21. 183 
[24] Gao Y, Majchrzak-Kita B, Fish EN, Gommerman JL. Dynamic accumulation of 184 
plasmacytoid dendritic cells in lymph nodes is regulated by interferon-beta. Blood 2009 185 
Sep 24;114(13):2623-31. 186 
[25] Asselin-Paturel C, Brizard G, Chemin K, Boonstra A, O'Garra A, Vicari A, et al. 187 
Type I interferon dependence of plasmacytoid dendritic cell activation and migration. 188 
The Journal of experimental medicine 2005 Apr 4;201(7):1157-67. 189 
[26] Iwasaki A, Medzhitov R. Toll-like receptor control of the adaptive immune 190 
responses. Nature immunology 2004 Oct;5(10):987-95. 191 
[27] Gilliet M, Cao W, Liu YJ. Plasmacytoid dendritic cells: sensing nucleic acids in 192 
viral infection and autoimmune diseases. Nature reviews Immunology 2008 193 
Aug;8(8):594-606. 194 
[28] Cao W, Bover L. Signaling and ligand interaction of ILT7: receptor-mediated 195 
regulatory mechanisms for plasmacytoid dendritic cells. Immunological reviews  196 
Mar;234(1):163-76. 197 
[29] Krieg AM. Therapeutic potential of Toll-like receptor 9 activation. Nat Rev Drug 198 
Discov 2006 Jun;5(6):471-84. 199 
[30] Katze MG, He Y, Gale M, Jr. Viruses and interferon: a fight for supremacy. 200 
Nature reviews Immunology 2002 Sep;2(9):675-87. 201 
[31] Jego G, Palucka AK, Blanck JP, Chalouni C, Pascual V, Banchereau J. 202 
Plasmacytoid dendritic cells induce plasma cell differentiation through type I interferon 203 
and interleukin 6. Immunity 2003 Aug;19(2):225-34. 204 
[32] Fonteneau JF, Gilliet M, Larsson M, Dasilva I, Munz C, Liu YJ, et al. Activation 205 
of influenza virus-specific CD4+ and CD8+ T cells: a new role for plasmacytoid 206 
dendritic cells in adaptive immunity. Blood 2003 May 1;101(9):3520-6. 207 
 103 
[33] Biron CA, Nguyen KB, Pien GC, Cousens LP, Salazar-Mather TP. Natural killer 208 
cells in antiviral defense: function and regulation by innate cytokines. Annual review of 209 
immunology 1999;17:189-220. 210 
[34] Tel J, van der Leun AM, Figdor CG, Torensma R, de Vries IJ. Harnessing human 211 
plasmacytoid dendritic cells as professional APCs. Cancer immunology, immunotherapy 212 
: CII 2012 Feb 1. 213 
[35] Young LJ, Wilson NS, Schnorrer P, Proietto A, ten Broeke T, Matsuki Y, et al. 214 
Differential MHC class II synthesis and ubiquitination confers distinct antigen-presenting 215 
properties on conventional and plasmacytoid dendritic cells. Nature immunology 2008 216 
Nov;9(11):1244-52. 217 
[36] Benitez-Ribas D, Adema GJ, Winkels G, Klasen IS, Punt CJ, Figdor CG, et al. 218 
Plasmacytoid dendritic cells of melanoma patients present exogenous proteins to CD4+ T 219 
cells after Fc gamma RII-mediated uptake. The Journal of experimental medicine 2006 220 
Jul 10;203(7):1629-35. 221 
[37] Colonna M, Trinchieri G, Liu YJ. Plasmacytoid dendritic cells in immunity. 222 
Nature immunology 2004 Dec;5(12):1219-26. 223 
[38] Sapoznikov A, Fischer JA, Zaft T, Krauthgamer R, Dzionek A, Jung S. Organ-224 
dependent in vivo priming of naive CD4+, but not CD8+, T cells by plasmacytoid 225 
dendritic cells. The Journal of experimental medicine 2007 Aug 6;204(8):1923-33. 226 
[39] Barchet W, Cella M, Colonna M. Plasmacytoid dendritic cells--virus experts of 227 
innate immunity. Seminars in immunology 2005 Aug;17(4):253-61. 228 
[40] Krug A, Veeraswamy R, Pekosz A, Kanagawa O, Unanue ER, Colonna M, et al. 229 
Interferon-producing cells fail to induce proliferation of naive T cells but can promote 230 
expansion and T helper 1 differentiation of antigen-experienced unpolarized T cells. The 231 
Journal of experimental medicine 2003 Apr 7;197(7):899-906. 232 
[41] Grouard G, Rissoan MC, Filgueira L, Durand I, Banchereau J, Liu YJ. The 233 
enigmatic plasmacytoid T cells develop into dendritic cells with interleukin (IL)-3 and 234 
CD40-ligand. The Journal of experimental medicine 1997 Mar 17;185(6):1101-11. 235 
[42] Goubier A, Dubois B, Gheit H, Joubert G, Villard-Truc F, Asselin-Paturel C, et 236 
al. Plasmacytoid dendritic cells mediate oral tolerance. Immunity 2008 Sep 19;29(3):464-237 
75. 238 
[43] Hanabuchi S, Ito T, Park WR, Watanabe N, Shaw JL, Roman E, et al. Thymic 239 
stromal lymphopoietin-activated plasmacytoid dendritic cells induce the generation of 240 
FOXP3+ regulatory T cells in human thymus. J Immunol 2010 Mar 15;184(6):2999-241 
3007. 242 
[44] Shortman K, Naik SH. Steady-state and inflammatory dendritic-cell development. 243 
Nature reviews Immunology 2007 Jan;7(1):19-30. 244 
[45] Facci MR, Auray G, Meurens F, Babiuk LA, Gerdts V. Recruitment and 245 
activation of dendritic cells by innate immune stimulators. In: Xiang J, editor. Recent 246 
Developments in Immunology. Kerala, India: Transworld Research Network, 2008. 247 
[46] Merad M, Ginhoux F, Collin M. Origin, homeostasis and function of Langerhans 248 
cells and other langerin-expressing dendritic cells. Nature reviews Immunology 2008 249 
Dec;8(12):935-47. 250 
[47] Romani N, Clausen BE, Stoitzner P. Langerhans cells and more: langerin-251 
expressing dendritic cell subsets in the skin. Immunological reviews  Mar;234(1):120-41. 252 
 104 
[48] Ginhoux F, Liu K, Helft J, Bogunovic M, Greter M, Hashimoto D, et al. The 253 
origin and development of nonlymphoid tissue CD103+ DCs. The Journal of 254 
experimental medicine 2009 Dec 21;206(13):3115-30. 255 
[49] Nagao K, Ginhoux F, Leitner WW, Motegi S, Bennett CL, Clausen BE, et al. 256 
Murine epidermal Langerhans cells and langerin-expressing dermal dendritic cells are 257 
unrelated and exhibit distinct functions. Proceedings of the National Academy of 258 
Sciences of the United States of America 2009 Mar 3;106(9):3312-7. 259 
[50] Steinman RM, Nussenzweig MC. Avoiding horror autotoxicus: the importance of 260 
dendritic cells in peripheral T cell tolerance. Proceedings of the National Academy of 261 
Sciences of the United States of America 2002 Jan 8;99(1):351-8. 262 
[51] Allan RS, Smith CM, Belz GT, van Lint AL, Wakim LM, Heath WR, et al. 263 
Epidermal viral immunity induced by CD8alpha+ dendritic cells but not by Langerhans 264 
cells. Science 2003 Sep 26;301(5641):1925-8. 265 
[52] Brewig N, Kissenpfennig A, Malissen B, Veit A, Bickert T, Fleischer B, et al. 266 
Priming of CD8+ and CD4+ T cells in experimental leishmaniasis is initiated by different 267 
dendritic cell subtypes. J Immunol 2009 Jan 15;182(2):774-83. 268 
[53] Itano AA, McSorley SJ, Reinhardt RL, Ehst BD, Ingulli E, Rudensky AY, et al. 269 
Distinct dendritic cell populations sequentially present antigen to CD4 T cells and 270 
stimulate different aspects of cell-mediated immunity. Immunity 2003 Jul;19(1):47-57. 271 
[54] Sathe P, Shortman K. The steady-state development of splenic dendritic cells. 272 
Mucosal Immunol 2008 Nov;1(6):425-31. 273 
[55] Auffray C, Sieweke MH, Geissmann F. Blood monocytes: development, 274 
heterogeneity, and relationship with dendritic cells. Annual review of immunology 275 
2009;27:669-92. 276 
[56] Leon B, Ardavin C. Monocyte-derived dendritic cells in innate and adaptive 277 
immunity. Immunol Cell Biol 2008 May-Jun;86(4):320-4. 278 
[57] Leon B, Lopez-Bravo M, Ardavin C. Monocyte-derived dendritic cells formed at 279 
the infection site control the induction of protective T helper 1 responses against 280 
Leishmania. Immunity 2007 Apr;26(4):519-31. 281 
[58] Randolph GJ, Inaba K, Robbiani DF, Steinman RM, Muller WA. Differentiation 282 
of phagocytic monocytes into lymph node dendritic cells in vivo. Immunity 1999 283 
Dec;11(6):753-61. 284 
[59] Geissmann F, Manz MG, Jung S, Sieweke MH, Merad M, Ley K. Development 285 
of monocytes, macrophages, and dendritic cells. Science 2010 Feb 5;327(5966):656-61. 286 
[60] Sallusto F, Lanzavecchia A. Efficient presentation of soluble antigen by cultured 287 
human dendritic cells is maintained by granulocyte/macrophage colony-stimulating factor 288 
plus interleukin 4 and downregulated by tumor necrosis factor alpha. The Journal of 289 
experimental medicine 1994 Apr 1;179(4):1109-18. 290 
[61] Schreurs MW, Eggert AA, de Boer AJ, Figdor CG, Adema GJ. Generation and 291 
functional characterization of mouse monocyte-derived dendritic cells. European journal 292 
of immunology 1999 Sep;29(9):2835-41. 293 
[62] Langenkamp A, Messi M, Lanzavecchia A, Sallusto F. Kinetics of dendritic cell 294 
activation: impact on priming of TH1, TH2 and nonpolarized T cells. Nature 295 
immunology 2000 Oct;1(4):311-6. 296 
 105 
[63] Serbina NV, Salazar-Mather TP, Biron CA, Kuziel WA, Pamer EG. TNF/iNOS-297 
producing dendritic cells mediate innate immune defense against bacterial infection. 298 
Immunity 2003 Jul;19(1):59-70. 299 
[64] Meurens F, Summerfield A, Nauwynck H, Saif L, Gerdts V. The pig: a model for 300 
human infectious diseases. Trends in microbiology 2012 Jan;20(1):50-7. 301 
[65] Summerfield A, Guzylack-Piriou L, Schaub A, Carrasco CP, Tache V, Charley B, 302 
et al. Porcine peripheral blood dendritic cells and natural interferon-producing cells. 303 
Immunology 2003 Dec;110(4):440-9. 304 
[66] Carrasco CP, Rigden RC, Schaffner R, Gerber H, Neuhaus V, Inumaru S, et al. 305 
Porcine dendritic cells generated in vitro: morphological, phenotypic and functional 306 
properties. Immunology 2001 Oct;104(2):175-84. 307 
[67] Paillot R, Laval F, Audonnet JC, Andreoni C, Juillard V. Functional and 308 
phenotypic characterization of distinct porcine dendritic cells derived from peripheral 309 
blood monocytes. Immunology 2001 Apr;102(4):396-404. 310 
[68] Raymond CR, Wilkie BN. Th-1/Th-2 type cytokine profiles of pig T-cells 311 
cultured with antigen-treated monocyte-derived dendritic cells. Vaccine 2004 Feb 312 
25;22(8):1016-23. 313 
[69] Johansson E, Domeika K, Berg M, Alm GV, Fossum C. Characterisation of 314 
porcine monocyte-derived dendritic cells according to their cytokine profile. Veterinary 315 
immunology and immunopathology 2003 Feb 10;91(3-4):183-97. 316 
[70] Pilon C, Levast B, Meurens F, Le Vern Y, Kerboeuf D, Salmon H, et al. CD40 317 
engagement strongly induces CD25 expression on porcine dendritic cells and polarizes 318 
the T cell immune response toward Th1. Molecular immunology 2009 Jan;46(3):437-47. 319 
[71] Bautista EM, Nfon C, Ferman GS, Golde WT. IL-13 replaces IL-4 in 320 
development of monocyte derived dendritic cells (MoDC) of swine. Veterinary 321 
immunology and immunopathology 2007 Jan 15;115(1-2):56-67. 322 
[72] Salmon H, Johnson I, Germana S, Haller GW, Sachs DH, Leguern C. Dendritic 323 
cells enriched from swine thymus co-express CD1, CD2 and major histocompatibility 324 
complex class II and actively stimulate alloreactive T lymphocytes. Scandinavian journal 325 
of immunology 2000 Aug;52(2):164-72. 326 
[73] Jamin A, Gorin S, Le Potier MF, Kuntz-Simon G. Characterization of 327 
conventional and plasmacytoid dendritic cells in swine secondary lymphoid organs and 328 
blood. Veterinary immunology and immunopathology 2006 Dec 15;114(3-4):224-37. 329 
[74] Haverson K, Singha S, Stokes CR, Bailey M. Professional and non-professional 330 
antigen-presenting cells in the porcine small intestine. Immunology 2000 331 
Dec;101(4):492-500. 332 
[75] Loving CL, Brockmeier SL, Sacco RE. Differential type I interferon activation 333 
and susceptibility of dendritic cell populations to porcine arterivirus. Immunology 2007 334 
Feb;120(2):217-29. 335 
[76] Jamin A, Gorin S, Cariolet R, Le Potier MF, Kuntz-Simon G. Classical swine 336 
fever virus induces activation of plasmacytoid and conventional dendritic cells in tonsil, 337 
blood, and spleen of infected pigs. Veterinary research 2008 Jan-Feb;39(1):7. 338 
[77] Haverson K, Saalmuller A, Chen Z, Huang CA, Simon A, Seebach J, et al. 339 
Summary of the first round analyses of the Third International Workshop on Swine 340 
Leukocyte Differentiation Antigens. Veterinary immunology and immunopathology 2001 341 
Jul 20;80(1-2):25-34. 342 
 106 
[78] Charley B, Lavenant L. Characterization of blood mononuclear cells producing 343 
IFN alpha following induction by coronavirus-infected cells (porcine transmissible 344 
gastroenteritis virus). Res Immunol 1990 Feb;141(2):141-51. 345 
[79] Guzylack-Piriou L, Piersma S, McCullough K, Summerfield A. Role of natural 346 
interferon-producing cells and T lymphocytes in porcine monocyte-derived dendritic cell 347 
maturation. Immunology 2006 May;118(1):78-87. 348 
[80] Bergamin F, Vincent IE, Summerfield A, McCullough KC. Essential role of 349 
antigen-presenting cell-derived BAFF for antibody responses. European journal of 350 
immunology 2007 Nov;37(11):3122-30. 351 
[81] Guzylack-Piriou L, Balmelli C, McCullough KC, Summerfield A. Type-A CpG 352 
oligonucleotides activate exclusively porcine natural interferon-producing cells to secrete 353 
interferon-alpha, tumour necrosis factor-alpha and interleukin-12. Immunology 2004 354 
May;112(1):28-37. 355 
[82] Facci MR, Auray G, Buchanan R, van Kessel J, Thompson DR, Mackenzie-Dyck 356 
S, et al. A comparison between isolated blood dendritic cells and monocyte-derived 357 
dendritic cells in pigs. Immunology 2010 Mar;129(3):396-405. 358 
[83] Guzylack-Piriou L, Bergamin F, Gerber M, McCullough KC, Summerfield A. 359 
Plasmacytoid dendritic cell activation by foot-and-mouth disease virus requires immune 360 
complexes. European journal of immunology 2006 Jul;36(7):1674-83. 361 
[84] Summerfield A, Guzylack-Piriou L, Harwood L, McCullough KC. Innate immune 362 
responses against foot-and-mouth disease virus: current understanding and future 363 
directions. Veterinary immunology and immunopathology 2009 Mar 15;128(1-3):205-10. 364 
[85] Splichal I, Rehakova Z, Sinkora M, Sinkora J, Trebichavsky I, Laude H, et al. In 365 
vivo study of interferon-alpha-secreting cells in pig foetal lymphohaematopoietic organs 366 
following in utero TGEV coronavirus injection. Res Immunol 1997 May;148(4):247-56. 367 
[86] Calzada-Nova G, Schnitzlein W, Husmann R, Zuckermann FA. Characterization 368 
of the cytokine and maturation responses of pure populations of porcine plasmacytoid 369 
dendritic cells to porcine viruses and toll-like receptor agonists. Veterinary immunology 370 
and immunopathology 2010 May 15;135(1-2):20-33. 371 
[87] Vincent IE, Carrasco CP, Guzylack-Piriou L, Herrmann B, McNeilly F, Allan 372 
GM, et al. Subset-dependent modulation of dendritic cell activity by circovirus type 2. 373 
Immunology 2005 Jul;115(3):388-98. 374 
[88] Balmelli C, Steiner E, Moulin H, Peduto N, Herrmann B, Summerfield A, et al. 375 
Porcine circovirus type 2 DNA influences cytoskeleton rearrangements in plasmacytoid 376 
and monocyte-derived dendritic cells. Immunology  Jan;132(1):57-65. 377 
[89] Bauhofer O, Summerfield A, Sakoda Y, Tratschin JD, Hofmann MA, Ruggli N. 378 
Classical swine fever virus Npro interacts with interferon regulatory factor 3 and induces 379 
its proteasomal degradation. Journal of virology 2007 Apr;81(7):3087-96. 380 
[90] Fiebach AR, Guzylack-Piriou L, Python S, Summerfield A, Ruggli N. Classical 381 
swine fever virus N(pro) limits type I interferon induction in plasmacytoid dendritic cells 382 
by interacting with interferon regulatory factor 7. Journal of virology 2011 383 
Aug;85(16):8002-11. 384 
[91] Summerfield A. Viewpoint: Factors involved in type I interferon responses during 385 
porcine virus infections. Veterinary immunology and immunopathology 2011 Mar 12. 386 
 107 
[92] Auray G, Facci MR, van Kessel J, Buchanan R, Babiuk LA, Gerdts V. 387 
Differential activation and maturation of two porcine DC populations following TLR 388 
ligand stimulation. Molecular immunology 2010 Jul;47(11-12):2103-11. 389 
[93] Alves MP, Neuhaus V, Guzylack-Piriou L, Ruggli N, McCullough KC, 390 
Summerfield A. Toll-like receptor 7 and MyD88 knockdown by lentivirus-mediated 391 
RNA interference to porcine dendritic cell subsets. Gene Ther 2007 May;14(10):836-44. 392 
[94] Raymond CR, Wilkie BN. Toll-like receptor, MHC II, B7 and cytokine 393 
expression by porcine monocytes and monocyte-derived dendritic cells in response to 394 
microbial pathogen-associated molecular patterns. Veterinary immunology and 395 
immunopathology 2005 Sep 15;107(3-4):235-47. 396 
[95] Park JY, Kim HS, Seo SH. Characterization of interaction between porcine 397 
reproductive and respiratory syndrome virus and porcine dendritic cells. J Microbiol 398 
Biotechnol 2008 Oct;18(10):1709-16. 399 
[96] Summerfield A, McCullough KC. The porcine dendritic cell family. 400 
Developmental and comparative immunology 2009 Mar;33(3):299-309. 401 
[97] Makala LH, Haverson K, Stokes CR, Bailey M, Bland PW. Isolation and 402 
characterisation of pig Peyer's patch dendritic cells. Veterinary immunology and 403 
immunopathology 1998 Feb 16;61(1):67-81. 404 
[98] Bimczok D, Sowa EN, Faber-Zuschratter H, Pabst R, Rothkotter HJ. Site-specific 405 
expression of CD11b and SIRPalpha (CD172a) on dendritic cells: implications for their 406 
migration patterns in the gut immune system. European journal of immunology 2005 407 
May;35(5):1418-27. 408 
[99] Bimczok D, Post A, Tschernig T, Rothkotter HJ. Phenotype and distribution of 409 
dendritic cells in the porcine small intestinal and tracheal mucosa and their spatial 410 
relationship to epithelial cells. Cell and tissue research 2006 Sep;325(3):461-8. 411 
[100] Nfon CK, Dawson H, Toka FN, Golde WT. Langerhans cells in porcine skin. 412 
Veterinary immunology and immunopathology 2008 Dec 15;126(3-4):236-47. 413 
[101] Marquet F, Bonneau M, Pascale F, Urien C, Kang C, Schwartz-Cornil I, et al. 414 
Characterization of dendritic cells subpopulations in skin and afferent lymph in the swine 415 
model. PloS one 2011;6(1):e16320. 416 
[102] Bautista EM, Gregg D, Golde WT. Characterization and functional analysis of 417 
skin-derived dendritic cells from swine without a requirement for in vitro propagation. 418 
Veterinary immunology and immunopathology 2002 Sep 25;88(3-4):131-48. 419 
[103] Strominger JL. Animal antimicrobial peptides: ancient players in innate 420 
immunity. J Immunol 2009 Jun 1;182(11):6633-4. 421 
[104] Steiner H, Hultmark D, Engstrom A, Bennich H, Boman HG. Sequence and 422 
specificity of two antibacterial proteins involved in insect immunity. Nature 1981 Jul 423 
16;292(5820):246-8. 424 
[105] Mookherjee N, Hancock RE. Cationic host defence peptides: innate immune 425 
regulatory peptides as a novel approach for treating infections. Cellular and molecular 426 
life sciences : CMLS 2007 Apr;64(7-8):922-33. 427 
[106] Gallo RL, Nizet V. Endogenous production of antimicrobial peptides in innate 428 
immunity and human disease. Curr Allergy Asthma Rep 2003 Sep;3(5):402-9. 429 
[107] Brogden KA. Antimicrobial peptides: pore formers or metabolic inhibitors in 430 
bacteria? Nature reviews Microbiology 2005 Mar;3(3):238-50. 431 
 108 
[108] Zanetti M. Cathelicidins, multifunctional peptides of the innate immunity. Journal 432 
of leukocyte biology 2004 Jan;75(1):39-48. 433 
[109] Scocchi M, Skerlavaj B, Romeo D, Gennaro R. Proteolytic cleavage by neutrophil 434 
elastase converts inactive storage proforms to antibacterial bactenecins. Eur J Biochem 435 
1992 Oct 15;209(2):589-95. 436 
[110] Sorensen OE, Follin P, Johnsen AH, Calafat J, Tjabringa GS, Hiemstra PS, et al. 437 
Human cathelicidin, hCAP-18, is processed to the antimicrobial peptide LL-37 by 438 
extracellular cleavage with proteinase 3. Blood 2001 Jun 15;97(12):3951-9. 439 
[111] Nizet V, Gallo RL. Cathelicidins and innate defense against invasive bacterial 440 
infection. Scand J Infect Dis 2003;35(9):670-6. 441 
[112] Linde A, Ross CR, Davis EG, Dib L, Blecha F, Melgarejo T. Innate immunity and 442 
host defense peptides in veterinary medicine. Journal of veterinary internal medicine / 443 
American College of Veterinary Internal Medicine 2008 Mar-Apr;22(2):247-65. 444 
[113] Sang Y, Blecha F. Porcine host defense peptides: expanding repertoire and 445 
functions. Developmental and comparative immunology 2009 Mar;33(3):334-43. 446 
[114] Lehrer RI, Ganz T. Cathelicidins: a family of endogenous antimicrobial peptides. 447 
Curr Opin Hematol 2002 Jan;9(1):18-22. 448 
[115] Selsted ME, Ouellette AJ. Mammalian defensins in the antimicrobial immune 449 
response. Nature immunology 2005 Jun;6(6):551-7. 450 
[116] Ganz T. Defensins: antimicrobial peptides of innate immunity. Nature reviews 451 
Immunology 2003 Sep;3(9):710-20. 452 
[117] Lehrer RI, Lu W. alpha-Defensins in human innate immunity. Immunological 453 
reviews 2012 Jan;245(1):84-112. 454 
[118] Ganz T, Metcalf JA, Gallin JI, Boxer LA, Lehrer RI. Microbicidal/cytotoxic 455 
proteins of neutrophils are deficient in two disorders: Chediak-Higashi syndrome and 456 
"specific" granule deficiency. The Journal of clinical investigation 1988 Aug;82(2):552-457 
6. 458 
[119] Sang Y, Patil AA, Zhang G, Ross CR, Blecha F. Bioinformatic and expression 459 
analysis of novel porcine beta-defensins. Mammalian genome : official journal of the 460 
International Mammalian Genome Society 2006 Apr;17(4):332-9. 461 
[120] Lehrer RI. Primate defensins. Nature reviews Microbiology 2004 Sep;2(9):727-462 
38. 463 
[121] Starner TD, Agerberth B, Gudmundsson GH, McCray PB. Expression and 464 
Activity of β-Defensins and LL-37 in the Developing Human Lung. The Journal of 465 
Immunology 2005 February 1, 2005;174(3):1608-15. 466 
[122] Elahi S, Buchanan RM, Attah-Poku S, Townsend HG, Babiuk LA, Gerdts V. The 467 
host defense peptide beta-defensin 1 confers protection against Bordetella pertussis in 468 
newborn piglets. Infect Immun 2006 Apr;74(4):2338-52. 469 
[123] Wu Z, Hoover DM, Yang D, Boulègue C, Santamaria F, Oppenheim JJ, et al. 470 
Engineering disulfide bridges to dissect antimicrobial and chemotactic activities of 471 
human β-defensin 3. Proceedings of the National Academy of Sciences 2003 July 22, 472 
2003;100(15):8880-5. 473 
[124] Schroeder BO, Wu Z, Nuding S, Groscurth S, Marcinowski M, Beisner J, et al. 474 
Reduction of disulphide bonds unmasks potent antimicrobial activity of human [bgr]-475 
defensin 1. Nature 2011;469(7330):419-23. 476 
 109 
[125] Klüver E, Schulz-Maronde S, Scheid S, Meyer B, Forssmann W-G, Adermann K. 477 
Structure−Activity Relation of Human β-Defensin 3:   Influence of Disulfide Bonds and 478 
Cysteine Substitution on Antimicrobial Activity and Cytotoxicity†. Biochemistry 2005 479 
2005/07/01;44(28):9804-16. 480 
[126] Melo MN, Dugourd D, Castanho MA. Omiganan pentahydrochloride in the front 481 
line of clinical applications of antimicrobial peptides. Recent patents on anti-infective 482 
drug discovery 2006 Jun;1(2):201-7. 483 
[127] Fritsche TR, Rhomberg PR, Sader HS, Jones RN. Antimicrobial activity of 484 
omiganan pentahydrochloride tested against contemporary bacterial pathogens commonly 485 
responsible for catheter-associated infections. Journal of Antimicrobial Chemotherapy 486 
2008 May 1, 2008;61(5):1092-8. 487 
[128] Nguyen LT, Haney EF, Vogel HJ. The expanding scope of antimicrobial peptide 488 
structures and their modes of action. Trends in biotechnology 2011 Sep;29(9):464-72. 489 
[129] Lin Y-M, Wu S-J, Chang T-W, Wang C-F, Suen C-S, Hwang M-J, et al. Outer 490 
Membrane Protein I of Pseudomonas aeruginosa Is a Target of Cationic Antimicrobial 491 
Peptide/Protein. Journal of Biological Chemistry 2010 March 19, 2010;285(12):8985-94. 492 
[130] Sass V, Schneider T, Wilmes M, Körner C, Tossi A, Novikova N, et al. Human β-493 
Defensin 3 Inhibits Cell Wall Biosynthesis in Staphylococci. Infection and Immunity 494 
2010 June 2010;78(6):2793-800. 495 
[131] Rokitskaya TI, Kolodkin NI, Kotova EA, Antonenko YN. Indolicidin action on 496 
membrane permeability: carrier mechanism versus pore formation. Biochimica et 497 
biophysica acta 2011 Jan;1808(1):91-7. 498 
[132] Marchand C, Krajewski K, Lee H-F, Antony S, Johnson AA, Amin R, et al. 499 
Covalent binding of the natural antimicrobial peptide indolicidin to DNA abasic sites. 500 
Nucleic Acids Research 2006 October 1, 2006;34(18):5157-65. 501 
[133] Gao Y, Lecker S, Post MJ, Hietaranta AJ, Li J, Volk R, et al. Inhibition of 502 
ubiquitin-proteasome pathway-mediated IκBα degradation by a naturally occurring 503 
antibacterial peptide. Journal of Clinical Investigation 2000;106(3):439-48. 504 
[134] Verbanac D, Zanetti M, Romeo D. Chemotactic and protease-inhibiting activities 505 
of antibiotic peptide precursors. FEBS letters 1993 Feb 15;317(3):255-8. 506 
[135] De Y, Chen Q, Schmidt AP, Anderson GM, Wang JM, Wooters J, et al. LL-37, 507 
the neutrophil granule- and epithelial cell-derived cathelicidin, utilizes formyl peptide 508 
receptor-like 1 (FPRL1) as a receptor to chemoattract human peripheral blood 509 
neutrophils, monocytes, and T cells. The Journal of experimental medicine 2000 Oct 510 
2;192(7):1069-74. 511 
[136] Davidson DJ, Currie AJ, Reid GS, Bowdish DM, MacDonald KL, Ma RC, et al. 512 
The cationic antimicrobial peptide LL-37 modulates dendritic cell differentiation and 513 
dendritic cell-induced T cell polarization. J Immunol 2004 Jan 15;172(2):1146-56. 514 
[137] Wan M, Sabirsh A, Wetterholm A, Agerberth B, Haeggstrom JZ. Leukotriene B4 515 
triggers release of the cathelicidin LL-37 from human neutrophils: novel lipid-peptide 516 
interactions in innate immune responses. FASEB J 2007 Sep;21(11):2897-905. 517 
[138] Agerberth B, Charo J, Werr J, Olsson B, Idali F, Lindbom L, et al. The human 518 
antimicrobial and chemotactic peptides LL-37 and alpha-defensins are expressed by 519 
specific lymphocyte and monocyte populations. Blood 2000 Nov 1;96(9):3086-93. 520 
 110 
[139] Soruri A, Grigat J, Forssmann U, Riggert J, Zwirner J. beta-Defensins 521 
chemoattract macrophages and mast cells but not lymphocytes and dendritic cells: CCR6 522 
is not involved. European journal of immunology 2007 Sep;37(9):2474-86. 523 
[140] Chertov O, Yang D, Howard OM, Oppenheim JJ. Leukocyte granule proteins 524 
mobilize innate host defenses and adaptive immune responses. Immunological reviews 525 
2000 Oct;177:68-78. 526 
[141] Chertov O, Michiel DF, Xu L, Wang JM, Tani K, Murphy WJ, et al. 527 
Identification of defensin-1, defensin-2, and CAP37/azurocidin as T-cell chemoattractant 528 
proteins released from interleukin-8-stimulated neutrophils. The Journal of biological 529 
chemistry 1996 Feb 9;271(6):2935-40. 530 
[142] Presicce P, Giannelli S, Taddeo A, Villa ML, Della Bella S. Human defensins 531 
activate monocyte-derived dendritic cells, promote the production of proinflammatory 532 
cytokines, and up-regulate the surface expression of CD91. Journal of leukocyte biology 533 
2009 May 28. 534 
[143] Niyonsaba F, Iwabuchi K, Someya A, Hirata M, Matsuda H, Ogawa H, et al. A 535 
cathelicidin family of human antibacterial peptide LL-37 induces mast cell chemotaxis. 536 
Immunology 2002 May;106(1):20-6. 537 
[144] Mookherjee N, Wilson HL, Doria S, Popowych Y, Falsafi R, Yu JJ, et al. Bovine 538 
and human cathelicidin cationic host defense peptides similarly suppress transcriptional 539 
responses to bacterial lipopolysaccharide. Journal of leukocyte biology 2006 540 
Dec;80(6):1563-74. 541 
[145] Biragyn A, Surenhu M, Yang D, Ruffini PA, Haines BA, Klyushnenkova E, et al. 542 
Mediators of innate immunity that target immature, but not mature, dendritic cells induce 543 
antitumor immunity when genetically fused with nonimmunogenic tumor antigens. J 544 
Immunol 2001 Dec 1;167(11):6644-53. 545 
[146] Yang D, Chertov O, Bykovskaia SN, Chen Q, Buffo MJ, Shogan J, et al. Beta-546 
defensins: linking innate and adaptive immunity through dendritic and T cell CCR6. 547 
Science 1999 Oct 15;286(5439):525-8. 548 
[147] Sozzani S, Sallusto F, Luini W, Zhou D, Piemonti L, Allavena P, et al. Migration 549 
of dendritic cells in response to formyl peptides, C5a, and a distinct set of chemokines. J 550 
Immunol 1995 Oct 1;155(7):3292-5. 551 
[148] Tjabringa GS, Ninaber DK, Drijfhout JW, Rabe KF, Hiemstra PS. Human 552 
cathelicidin LL-37 is a chemoattractant for eosinophils and neutrophils that acts via 553 
formyl-peptide receptors. Int Arch Allergy Immunol 2006;140(2):103-12. 554 
[149] Kurosaka K, Chen Q, Yarovinsky F, Oppenheim JJ, Yang D. Mouse cathelin-555 
related antimicrobial peptide chemoattracts leukocytes using formyl peptide receptor-like 556 
1/mouse formyl peptide receptor-like 2 as the receptor and acts as an immune adjuvant. J 557 
Immunol 2005 May 15;174(10):6257-65. 558 
[150] Tani K, Murphy WJ, Chertov O, Salcedo R, Koh CY, Utsunomiya I, et al. 559 
Defensins act as potent adjuvants that promote cellular and humoral immune responses in 560 
mice to a lymphoma idiotype and carrier antigens. International immunology 2000 561 
Jun;12(5):691-700. 562 
[151] Kovacs-Nolan J, Latimer L, Landi A, Jenssen H, Hancock RE, Babiuk LA, et al. 563 
The novel adjuvant combination of CpG ODN, indolicidin and polyphosphazene induces 564 
potent antibody- and cell-mediated immune responses in mice. Vaccine 2009 Mar 565 
23;27(14):2055-64. 566 
 111 
[152] Kovacs-Nolan J, Mapletoft JW, Latimer L, Babiuk LA, Hurk SD. CpG 567 
oligonucleotide, host defense peptide and polyphosphazene act synergistically, inducing 568 
long-lasting, balanced immune responses in cattle. Vaccine 2009 Mar 23;27(14):2048-54. 569 
[153] Kindrachuk J, Jenssen H, Elliott M, Townsend R, Nijnik A, Lee SF, et al. A novel 570 
vaccine adjuvant comprised of a synthetic innate defence regulator peptide and CpG 571 
oligonucleotide links innate and adaptive immunity. Vaccine 2009 Jul 23;27(34):4662-572 
71. 573 
[154] Cao D, Li H, Jiang Z, Cheng Q, Yang Z, Xu C, et al. CpG oligodeoxynucleotide 574 
synergizes innate defense regulator peptide for enhancing the systemic and mucosal 575 
immune responses to pseudorabies attenuated virus vaccine in piglets in vivo. 576 
International immunopharmacology 2011 Jun;11(6):748-54. 577 
[155] Yang J, Mao M, Zhang S, Li H, Jiang Z, Cao G, et al. Innate defense regulator 578 
peptide synergizes with CpG ODN for enhanced innate intestinal immune responses in 579 
neonate piglets. International immunopharmacology 2012 Feb;12(2):415-24. 580 
[156] Gracia A, Polewicz M, Halperin SA, Hancock RE, Potter AA, Babiuk LA, et al. 581 
Antibody responses in adult and neonatal BALB/c mice to immunization with novel 582 
Bordetella pertussis vaccine formulations. Vaccine 2011 Feb 11;29(8):1595-604. 583 
[157] Garlapati S, Eng NF, Kiros TG, Kindrachuk J, Mutwiri GK, Hancock RE, et al. 584 
Immunization with PCEP microparticles containing pertussis toxoid, CpG ODN and a 585 
synthetic innate defense regulator peptide induces protective immunity against pertussis. 586 
Vaccine 2011 Sep 2;29(38):6540-8. 587 
[158] Bandholtz L, Ekman GJ, Vilhelmsson M, Buentke E, Agerberth B, Scheynius A, 588 
et al. Antimicrobial peptide LL-37 internalized by immature human dendritic cells alters 589 
their phenotype. Scandinavian journal of immunology 2006 Jun;63(6):410-9. 590 
[159] Rodriguez-Garcia M, Oliva H, Climent N, Escribese MM, Garcia F, Moran TM, 591 
et al. Impact of alpha-defensins1-3 on the maturation and differentiation of human 592 
monocyte-derived DCs. Concentration-dependent opposite dual effects. Clin Immunol 593 
2009 Jun;131(3):374-84. 594 
[160] de Jong EC, Smits HH, Kapsenberg ML. Dendritic cell-mediated T cell 595 
polarization. Springer Semin Immunopathol 2004 Oct 14. 596 
[161] Stockinger B, Veldhoen M, Martin B. Th17 T cells: linking innate and adaptive 597 
immunity. Seminars in immunology 2007 Dec;19(6):353-61. 598 
[162] Wu L, Liu YJ. Development of dendritic-cell lineages. Immunity 2007 599 
Jun;26(6):741-50. 600 
[163] Naik SH. Demystifying the development of dendritic cell subtypes, a little. 601 
Immunol Cell Biol 2008 Jul;86(5):439-52. 602 
[164] Wang X, Eaton M, Mayer M, Li H, He D, Nelson E, et al. Porcine reproductive 603 
and respiratory syndrome virus productively infects monocyte-derived dendritic cells and 604 
compromises their antigen-presenting ability. Archives of virology 2007 Feb;152(2):289-605 
303. 606 
[165] Harwood LJ, Gerber H, Sobrino F, Summerfield A, McCullough KC. Dendritic 607 
cell internalization of foot-and-mouth disease virus: influence of heparan sulfate binding 608 
on virus uptake and induction of the immune response. Journal of virology 2008 609 
Jul;82(13):6379-94. 610 
 112 
[166] Thacker E, Summerfield A, McCullough K, Ezquerra A, Dominguez J, Alonso F, 611 
et al. Summary of workshop findings for porcine myelomonocytic markers. Veterinary 612 
immunology and immunopathology 2001 Jul 20;80(1-2):93-109. 613 
[167] Mellman I, Steinman RM. Dendritic cells: specialized and regulated antigen 614 
processing machines. Cell 2001 Aug 10;106(3):255-8. 615 
[168] Forster R, Davalos-Misslitz AC, Rot A. CCR7 and its ligands: balancing 616 
immunity and tolerance. Nature reviews Immunology 2008 May;8(5):362-71. 617 
[169] Carrasco CP, Rigden RC, Vincent IE, Balmelli C, Ceppi M, Bauhofer O, et al. 618 
Interaction of classical swine fever virus with dendritic cells. The Journal of general 619 
virology 2004 Jul;85(Pt 6):1633-41. 620 
[170] Vincent IE, Carrasco CP, Herrmann B, Meehan BM, Allan GM, Summerfield A, 621 
et al. Dendritic cells harbor infectious porcine circovirus type 2 in the absence of 622 
apparent cell modulation or replication of the virus. Journal of virology 2003 623 
Dec;77(24):13288-300. 624 
[171] Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative 625 
C(T) method. Nat Protoc 2008;3(6):1101-8. 626 
[172] Dar A, Nichani AK, Benjamin P, Lai K, Soita H, Krieg AM, et al. Attenuated 627 
cytokine responses in porcine lymph node cells stimulated with CpG DNA are associated 628 
with low frequency of IFNalpha-producing cells and TLR9 mRNA expression. 629 
Veterinary immunology and immunopathology 2008 Jun 15;123(3-4):324-36. 630 
[173] Raymond CR, Sidahmed AM, Wilkie BN. Effects of antigen and recombinant 631 
porcine cytokines on pig dendritic cell cytokine expression in vitro. Veterinary 632 
immunology and immunopathology 2006 Jun 15;111(3-4):175-85. 633 
[174] de Baey A, Lanzavecchia A. The role of aquaporins in dendritic cell 634 
macropinocytosis. The Journal of experimental medicine 2000 Feb 21;191(4):743-8. 635 
[175] Luft T, Jefford M, Luetjens P, Toy T, Hochrein H, Masterman KA, et al. 636 
Functionally distinct dendritic cell (DC) populations induced by physiologic stimuli: 637 
prostaglandin E(2) regulates the migratory capacity of specific DC subsets. Blood 2002 638 
Aug 15;100(4):1362-72. 639 
[176] Pierre P, Turley SJ, Gatti E, Hull M, Meltzer J, Mirza A, et al. Developmental 640 
regulation of MHC class II transport in mouse dendritic cells. Nature 1997 Aug 641 
21;388(6644):787-92. 642 
[177] Fearnley DB, McLellan AD, Mannering SI, Hock BD, Hart DN. Isolation of 643 
human blood dendritic cells using the CMRF-44 monoclonal antibody: implications for 644 
studies on antigen-presenting cell function and immunotherapy. Blood 1997 May 645 
15;89(10):3708-16. 646 
[178] Stein M, Keshav S, Harris N, Gordon S. Interleukin 4 potently enhances murine 647 
macrophage mannose receptor activity: a marker of alternative immunologic macrophage 648 
activation. The Journal of experimental medicine 1992 Jul 1;176(1):287-92. 649 
[179] Lutz MB, Schuler G. Immature, semi-mature and fully mature dendritic cells: 650 
which signals induce tolerance or immunity? Trends in immunology 2002 Sep;23(9):445-651 
9. 652 
[180] Lynn WA, Liu Y, Golenbock DT. Neither CD14 nor serum is absolutely 653 
necessary for activation of mononuclear phagocytes by bacterial lipopolysaccharide. 654 
Infect Immun 1993 Oct;61(10):4452-61. 655 
 113 
[181] Elkord E, Williams PE, Kynaston H, Rowbottom AW. Human monocyte isolation 656 
methods influence cytokine production from in vitro generated dendritic cells. 657 
Immunology 2005 Feb;114(2):204-12. 658 
[182] Lanzavecchia A, Sallusto F. Dynamics of T lymphocyte responses: intermediates, 659 
effectors, and memory cells. Science 2000 Oct 6;290(5489):92-7. 660 
[183] Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A, et al. 661 
Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of 662 
multiple internal control genes. Genome Biol 2002 Jun 18;3(7):RESEARCH0034. 663 
[184] Hellemans J, Mortier G, De Paepe A, Speleman F, Vandesompele J. qBase 664 
relative quantification framework and software for management and automated analysis 665 
of real-time quantitative PCR data. Genome Biol 2007;8(2):R19. 666 
[185] Nygard AB, Jorgensen CB, Cirera S, Fredholm M. Selection of reference genes 667 
for gene expression studies in pig tissues using SYBR green qPCR. BMC Mol Biol 668 
2007;8:67. 669 
[186] Foss DL, Baarsch MJ, Murtaugh MP. Regulation of hypoxanthine 670 
phosphoribosyltransferase, glyceraldehyde-3-phosphate dehydrogenase and beta-actin 671 
mRNA expression in porcine immune cells and tissues. Anim Biotechnol 1998;9(1):67-672 
78. 673 
[187] Ledger TN, Pinton P, Bourges D, Roumi P, Salmon H, Oswald IP. Development 674 
of a macroarray to specifically analyze immunological gene expression in swine. Clinical 675 
and diagnostic laboratory immunology 2004 Jul;11(4):691-8. 676 
[188] Duvigneau JC, Hartl RT, Groiss S, Gemeiner M. Quantitative simultaneous 677 
multiplex real-time PCR for the detection of porcine cytokines. J Immunol Methods 2005 678 
Nov 30;306(1-2):16-27. 679 
[189] Erkens T, Van Poucke M, Vandesompele J, Goossens K, Van Zeveren A, 680 
Peelman LJ. Development of a new set of reference genes for normalization of real-time 681 
RT-PCR data of porcine backfat and longissimus dorsi muscle, and evaluation with 682 
PPARGC1A. BMC Biotechnol 2006;6:41. 683 
[190] Facci MR, Auray G, Meurens F, Buchanan R, van Kessel J, Gerdts V. Stability of 684 
expression of reference genes in porcine peripheral blood mononuclear and dendritic 685 
cells. Veterinary immunology and immunopathology 2011 May 15;141(1-2):11-5. 686 
[191] McPhee JB, Hancock RE. Function and therapeutic potential of host defence 687 
peptides. J Pept Sci 2005 Nov;11(11):677-87. 688 
[192] Hancock RE, Sahl HG. Antimicrobial and host-defense peptides as new anti-689 
infective therapeutic strategies. Nature biotechnology 2006 Dec;24(12):1551-7. 690 
[193] Boman HG. Antibacterial peptides: basic facts and emerging concepts. J Intern 691 
Med 2003 Sep;254(3):197-215. 692 
[194] Nicholls EF, Madera L, Hancock RE. Immunomodulators as adjuvants for 693 
vaccines and antimicrobial therapy. Annals of the New York Academy of Sciences 2010 694 
Dec;1213:46-61. 695 
[195] Mackenzie-Dyck S, Attah-Poku S, Juillard V, Babiuk LA, van Drunen Littel-van 696 
den Hurk S. The synthetic peptides bovine enteric beta-defensin (EBD), bovine 697 
neutrophil beta-defensin (BNBD) 9 and BNBD 3 are chemotactic for immature bovine 698 
dendritic cells. Veterinary immunology and immunopathology 2011 Sep 15;143(1-2):87-699 
107. 700 
 114 
[196] Schultze V, D'Agosto V, Wack A, Novicki D, Zorn J, Hennig R. Safety of MF59 701 
adjuvant. Vaccine 2008 Jun 19;26(26):3209-22. 702 
[197] O'Hagan DT, Wack A, Podda A. MF59 is a safe and potent vaccine adjuvant for 703 
flu vaccines in humans: what did we learn during its development? Clinical 704 
pharmacology and therapeutics 2007 Dec;82(6):740-4. 705 
[198] Zuyderduyn S, Ninaber DK, Hiemstra PS, Rabe KF. The antimicrobial peptide 706 
LL-37 enhances IL-8 release by human airway smooth muscle cells. The Journal of 707 
allergy and clinical immunology 2006 Jun;117(6):1328-35. 708 
[199] Scott MG, Davidson DJ, Gold MR, Bowdish D, Hancock RE. The human 709 
antimicrobial peptide LL-37 is a multifunctional modulator of innate immune responses. 710 
J Immunol 2002 Oct 1;169(7):3883-91. 711 
[200] Bowdish DM, Davidson DJ, Speert DP, Hancock RE. The human cationic peptide 712 
LL-37 induces activation of the extracellular signal-regulated kinase and p38 kinase 713 
pathways in primary human monocytes. J Immunol 2004 Mar 15;172(6):3758-65. 714 
[201] Zheng Y, Niyonsaba F, Ushio H, Nagaoka I, Ikeda S, Okumura K, et al. 715 
Cathelicidin LL-37 induces the generation of reactive oxygen species and release of 716 
human alpha-defensins from neutrophils. Br J Dermatol 2007 Dec;157(6):1124-31. 717 
[202] Van Wetering S, Mannesse-Lazeroms SP, Van Sterkenburg MA, Daha MR, 718 
Dijkman JH, Hiemstra PS. Effect of defensins on interleukin-8 synthesis in airway 719 
epithelial cells. The American journal of physiology 1997 May;272(5 Pt 1):L888-96. 720 
[203] Swindle MM, Makin A, Herron AJ, Clubb FJ, Jr., Frazier KS. Swine as models in 721 
biomedical research and toxicology testing. Veterinary pathology 2012 Mar;49(2):344-722 
56. 723 
[204] Polewicz M, Gracia A, Buchanan R, Strom S, Halperin SA, Potter AA, et al. 724 
Influence of maternal antibodies on active pertussis toxoid immunization of neonatal 725 
mice and piglets. Vaccine 2011 Oct 13;29(44):7718-26. 726 
[205] Huang HJ, Ross CR, Blecha F. Chemoattractant properties of PR-39, a neutrophil 727 
antibacterial peptide. Journal of leukocyte biology 1997 May;61(5):624-9. 728 
[206] Bowdish DM, Davidson DJ, Scott MG, Hancock RE. Immunomodulatory 729 
activities of small host defense peptides. Antimicrobial agents and chemotherapy 2005 730 
May;49(5):1727-32. 731 
[207] Dawson RM, Liu CQ. Disulphide bonds of the peptide protegrin-1 are not 732 
essential for antimicrobial activity and haemolytic activity. International journal of 733 
antimicrobial agents 2010 Dec;36(6):579-80. 734 
[208] Wessely-Szponder J, Majer-Dziedzic B, Smolira A. Analysis of antimicrobial 735 
peptides from porcine neutrophils. Journal of microbiological methods 2010 Oct;83(1):8-736 
12. 737 
[209] Boniotto M, Jordan WJ, Eskdale J, Tossi A, Antcheva N, Crovella S, et al. 738 
Human beta-defensin 2 induces a vigorous cytokine response in peripheral blood 739 
mononuclear cells. Antimicrobial agents and chemotherapy 2006 Apr;50(4):1433-41. 740 
[210] Gordon JR, Zhang X, Li F, Nayyar A, Town J, Zhao X. Amelioration of 741 
pathology by ELR-CXC chemokine antagonism in a swine model of airway endotoxin 742 
exposure. Journal of agromedicine 2009;14(2):235-41. 743 
[211] Kool M, Fierens K, Lambrecht BN. Alum adjuvant: Some of the Tricks of the 744 
oldest adjuvant. Journal of medical microbiology 2011 Dec 15. 745 
 115 
[212] McKee AS, Munks MW, Marrack P. How do adjuvants work? Important 746 
considerations for new generation adjuvants. Immunity 2007 Nov;27(5):687-90. 747 
[213] Pistolic J, Cosseau C, Li Y, Yu JJ, Filewod NC, Gellatly S, et al. Host defence 748 
peptide LL-37 induces IL-6 expression in human bronchial epithelial cells by activation 749 
of the NF-kappaB signaling pathway. Journal of innate immunity 2009;1(3):254-67. 750 
[214] Nijnik A, Madera L, Ma S, Waldbrook M, Elliott MR, Easton DM, et al. 751 
Synthetic cationic peptide IDR-1002 provides protection against bacterial infections 752 
through chemokine induction and enhanced leukocyte recruitment. J Immunol 2010 Mar 753 
1;184(5):2539-50. 754 
[215] Chertov O, Ueda H, Xu LL, Tani K, Murphy WJ, Wang JM, et al. Identification 755 
of human neutrophil-derived cathepsin G and azurocidin/CAP37 as chemoattractants for 756 
mononuclear cells and neutrophils. The Journal of experimental medicine 1997 Aug 757 
29;186(5):739-47. 758 
[216] Wilson HL, Kovacs-Nolan J, Latimer L, Buchanan R, Gomis S, Babiuk L, et al. A 759 
novel triple adjuvant formulation promotes strong, Th1-biased immune responses and 760 
significant antigen retention at the site of injection. Vaccine 2010 Dec 6;28(52):8288-99. 761 
[217] Nestle FO, Di Meglio P, Qin JZ, Nickoloff BJ. Skin immune sentinels in health 762 
and disease. Nature reviews Immunology 2009 Oct;9(10):679-91. 763 
[218] Sallusto F, Lanzavecchia A. Heterogeneity of CD4+ memory T cells: functional 764 
modules for tailored immunity. European journal of immunology 2009 Aug;39(8):2076-765 
82. 766 
[219] Facci M, Auray,G., Buchanan, R., van Kessel, J., Babiuk, L.A., Hancock,R.E.W. 767 
and Gerdts, V. Chemoattractive activity of HDPs on porcine immune cells 2012. 768 
[220] Mantovani A, Cassatella MA, Costantini C, Jaillon S. Neutrophils in the 769 
activation and regulation of innate and adaptive immunity. Nature reviews Immunology 770 
2011 Aug;11(8):519-31. 771 
[221] Kim M, Moon HB, Kim K, Lee KY. Antigen dose governs the shaping of CTL 772 
repertoires in vitro and in vivo. International immunology 2006 Mar;18(3):435-44. 773 
[222] Yamaguchi T, Wing JB, Sakaguchi S. Two modes of immune suppression by 774 
Foxp3(+) regulatory T cells under inflammatory or non-inflammatory conditions. 775 
Seminars in immunology 2011 Dec;23(6):424-30. 776 
[223] Shklovskaya E, O’Sullivan BJ, Ng LG, Roediger B, Thomas R, Weninger W, et 777 
al. Langerhans cells are precommitted to immune tolerance induction. Proceedings of the 778 
National Academy of Sciences 2011 November 1, 2011;108(44):18049-54. 779 
[224] Dybvig T. Host defense peptides BMAP-27 and BMAP-28 down-regulate 780 
proliferation of T cells through the induction of T cell anergy. University of 781 
Saskatchewan Library Electronic Theses & Dissertations etd-08252010-145315: 782 
University of Saskatchewan; 2010. 783 
[225] Schluesener HJ, Radermacher S, Melms A, Jung S. Leukocytic antimicrobial 784 
peptides kill autoimmune T cells. Journal of neuroimmunology 1993 Sep;47(2):199-202. 785 
[226] Navid F, Boniotto M, Walker C, Ahrens K, Proksch E, Sparwasser T, et al. 786 
Induction of regulatory T cells by a murine beta-defensin. J Immunol 2012 Jan 787 
15;188(2):735-43. 788 
[227] Linghua Z, Yong G, Xingshan T, Fengzhen Z. Co-administration of porcine-789 
specific CpG oligodeoxynucleotide enhances the immune responses to pseudorabies 790 
 116 
attenuated virus vaccine in newborn piglets in vivo. Developmental and comparative 791 
immunology 2006;30(6):589-96. 792 
[228] Kaur S, Kaur T, Garg N, Mukherjee S, Raina P, Athokpam V. Effect of dose and 793 
route of inoculation on the generation of CD4+ Th1/Th2 type of immune response in 794 
murine visceral leishmaniasis. Parasitology research 2008 Nov;103(6):1413-9. 795 
[229] Garlapati S, Facci M, Polewicz M, Strom S, Babiuk LA, Mutwiri G, et al. 796 
Strategies to link innate and adaptive immunity when designing vaccine adjuvants. 797 
Veterinary immunology and immunopathology 2009 Mar 15;128(1-3):184-91. 798 
[230] Garlapati S, Garg R, Brownlie R, Latimer L, Simko E, Hancock RE, et al. 799 
Enhanced immune responses and protection by vaccination with respiratory syncytial 800 
virus fusion protein formulated with CpG oligodeoxynucleotide and innate defense 801 
regulator peptide in polyphosphazene microparticles. Vaccine 2012 Jul 27;30(35):5206-802 
14. 803 
[231] Di Nardo A, Braff MH, Taylor KR, Na C, Granstein RD, McInturff JE, et al. 804 
Cathelicidin Antimicrobial Peptides Block Dendritic Cell TLR4 Activation and Allergic 805 
Contact Sensitization. The Journal of Immunology 2007 February 1, 2007;178(3):1829-806 
34. 807 
[232] Semple F, Webb S, Li HN, Patel HB, Perretti M, Jackson IJ, et al. Human beta-808 
defensin 3 has immunosuppressive activity in vitro and in vivo. European journal of 809 
immunology  Apr;40(4):1073-8. 810 
[233] Yu J, Mookherjee N, Wee K, Bowdish DM, Pistolic J, Li Y, et al. Host defense 811 
peptide LL-37, in synergy with inflammatory mediator IL-1beta, augments immune 812 
responses by multiple pathways. J Immunol 2007 Dec 1;179(11):7684-91. 813 
[234] Kandler K, Shaykhiev R, Kleemann P, Klescz F, Lohoff M, Vogelmeier C, et al. 814 
The anti-microbial peptide LL-37 inhibits the activation of dendritic cells by TLR 815 
ligands. International immunology 2006 Dec;18(12):1729-36. 816 
[235] Pulendran B, Tang H, Manicassamy S. Programming dendritic cells to induce 817 
T(H)2 and tolerogenic responses. Nature immunology 2010 Aug;11(8):647-55. 818 
[236] Banchereau J, Steinman RM. Dendritic cells and the control of immunity. Nature 819 
1998 Mar 19;392(6673):245-52. 820 
[237] Wen H, Schaller MA, Dou Y, Hogaboam CM, Kunkel SL. Dendritic cells at the 821 
interface of innate and acquired immunity: the role for epigenetic changes. Journal of 822 
leukocyte biology 2007 Nov 8. 823 
[238] Jakubzick C, Tacke F, Llodra J, van Rooijen N, Randolph GJ. Modulation of 824 
dendritic cell trafficking to and from the airways. J Immunol 2006 Mar 15;176(6):3578-825 
84. 826 
[239] Sabatte J, Maggini J, Nahmod K, Amaral MM, Martinez D, Salamone G, et al. 827 
Interplay of pathogens, cytokines and other stress signals in the regulation of dendritic 828 
cell function. Cytokine Growth Factor Rev 2007 Feb-Apr;18(1-2):5-17. 829 
[240] Guermonprez P, Valladeau J, Zitvogel L, Thery C, Amigorena S. Antigen 830 
presentation and T cell stimulation by dendritic cells. Annual review of immunology 831 
2002;20:621-67. 832 
[241] Lukacs-Kornek V, Engel D, Tacke F, Kurts C. The role of chemokines and their 833 
receptors in dendritic cell biology. Front Biosci 2008;13:2238-52. 834 
[242] Sozzani S, Allavena P, Vecchi A, Mantovani A. The role of chemokines in the 835 
regulation of dendritic cell trafficking. Journal of leukocyte biology 1999 Jul;66(1):1-9. 836 
 117 
[243] Kim CH, Broxmeyer HE. Chemokines: signal lamps for trafficking of T and B 837 
cells for development and effector function. Journal of leukocyte biology 1999 838 
Jan;65(1):6-15. 839 
[244] Stein JV, Nombela-Arrieta C. Chemokine control of lymphocyte trafficking: a 840 
general overview. Immunology 2005 Sep;116(1):1-12. 841 
[245] Fogg DK, Sibon C, Miled C, Jung S, Aucouturier P, Littman DR, et al. A 842 
clonogenic bone marrow progenitor specific for macrophages and dendritic cells. Science 843 
2006 Jan 6;311(5757):83-7. 844 
[246] Cravens PD, Hayashida K, Davis LS, Nanki T, Lipsky PE. Human peripheral 845 
blood dendritic cells and monocyte subsets display similar chemokine receptor 846 
expression profiles with differential migratory responses. Scandinavian journal of 847 
immunology 2007 Jun;65(6):514-24. 848 
[247] Petit I, Szyper-Kravitz M, Nagler A, Lahav M, Peled A, Habler L, et al. G-CSF 849 
induces stem cell mobilization by decreasing bone marrow SDF-1 and up-regulating 850 
CXCR4. Nature immunology 2002 Jul;3(7):687-94. 851 
[248] Serbina NV, Pamer EG. Monocyte emigration from bone marrow during bacterial 852 
infection requires signals mediated by chemokine receptor CCR2. Nature immunology 853 
2006 Mar;7(3):311-7. 854 
[249] Tsou CL, Peters W, Si Y, Slaymaker S, Aslanian AM, Weisberg SP, et al. Critical 855 
roles for CCR2 and MCP-3 in monocyte mobilization from bone marrow and recruitment 856 
to inflammatory sites. The Journal of clinical investigation 2007 Apr;117(4):902-9. 857 
[250] Bleul CC, Fuhlbrigge RC, Casasnovas JM, Aiuti A, Springer TA. A highly 858 
efficacious lymphocyte chemoattractant, stromal cell-derived factor 1 (SDF-1). The 859 
Journal of experimental medicine 1996 Sep 1;184(3):1101-9. 860 
[251] Nagasawa T, Kikutani H, Kishimoto T. Molecular cloning and structure of a pre-861 
B-cell growth-stimulating factor. Proceedings of the National Academy of Sciences of 862 
the United States of America 1994 Mar 15;91(6):2305-9. 863 
[252] Peled A, Kollet O, Ponomaryov T, Petit I, Franitza S, Grabovsky V, et al. The 864 
chemokine SDF-1 activates the integrins LFA-1, VLA-4, and VLA-5 on immature 865 
human CD34(+) cells: role in transendothelial/stromal migration and engraftment of 866 
NOD/SCID mice. Blood 2000 Jun 1;95(11):3289-96. 867 
[253] Sanz-Rodriguez F, Hidalgo A, Teixido J. Chemokine stromal cell-derived factor-868 
1alpha modulates VLA-4 integrin-mediated multiple myeloma cell adhesion to CS-869 
1/fibronectin and VCAM-1. Blood 2001 Jan 15;97(2):346-51. 870 
[254] Liu K, Waskow C, Liu X, Yao K, Hoh J, Nussenzweig M. Origin of dendritic 871 
cells in peripheral lymphoid organs of mice. Nature immunology 2007 Jun;8(6):578-83. 872 
[255] Landsman L, Varol C, Jung S. Distinct differentiation potential of blood 873 
monocyte subsets in the lung. J Immunol 2007 Feb 15;178(4):2000-7. 874 
[256] Chinnery HR, Ruitenberg MJ, Plant GW, Pearlman E, Jung S, McMenamin PG. 875 
The chemokine receptor CX3CR1 mediates homing of MHC class II-positive cells to the 876 
normal mouse corneal epithelium. Invest Ophthalmol Vis Sci 2007 Apr;48(4):1568-74. 877 
[257] Bowdish DM, Davidson DJ, Hancock RE. Immunomodulatory properties of 878 
defensins and cathelicidins. Curr Top Microbiol Immunol 2006;306:27-66. 879 
[258] Mebius RE, Kraal G. Structure and function of the spleen. Nature reviews 880 
Immunology 2005 Aug;5(8):606-16. 881 
 118 
[259] Sato K, Fujita S. Dendritic cells: nature and classification. Allergol Int 2007 882 
Sep;56(3):183-91. 883 
[260] Ato M, Stager S, Engwerda CR, Kaye PM. Defective CCR7 expression on 884 
dendritic cells contributes to the development of visceral leishmaniasis. Nature 885 
immunology 2002 Dec;3(12):1185-91. 886 
[261] Gunn MD, Kyuwa S, Tam C, Kakiuchi T, Matsuzawa A, Williams LT, et al. Mice 887 
lacking expression of secondary lymphoid organ chemokine have defects in lymphocyte 888 
homing and dendritic cell localization. The Journal of experimental medicine 1999 Feb 889 
1;189(3):451-60. 890 
[262] Reis e Sousa C, Hieny S, Scharton-Kersten T, Jankovic D, Charest H, Germain 891 
RN, et al. In vivo microbial stimulation induces rapid CD40 ligand-independent 892 
production of interleukin 12 by dendritic cells and their redistribution to T cell areas. The 893 
Journal of experimental medicine 1997 Dec 1;186(11):1819-29. 894 
[263] Varol C, Landsman L, Fogg DK, Greenshtein L, Gildor B, Margalit R, et al. 895 
Monocytes give rise to mucosal, but not splenic, conventional dendritic cells. The Journal 896 
of experimental medicine 2007 Jan 22;204(1):171-80. 897 
[264] Naik SH, Metcalf D, van Nieuwenhuijze A, Wicks I, Wu L, O'Keeffe M, et al. 898 
Intrasplenic steady-state dendritic cell precursors that are distinct from monocytes. 899 
Nature immunology 2006 Jun;7(6):663-71. 900 
[265] Iwasaki A. Mucosal dendritic cells. Annual review of immunology 2007;25:381-901 
418. 902 
[266] Trombetta ES, Mellman I. Cell biology of antigen processing in vitro and in vivo. 903 
Annual review of immunology 2005;23:975-1028. 904 
[267] Bachmann MF, Kopf M, Marsland BJ. Chemokines: more than just road signs. 905 
Nature reviews Immunology 2006 Feb;6(2):159-64. 906 
[268] Sallusto F, Schaerli P, Loetscher P, Schaniel C, Lenig D, Mackay CR, et al. Rapid 907 
and coordinated switch in chemokine receptor expression during dendritic cell 908 
maturation. European journal of immunology 1998 Sep;28(9):2760-9. 909 
[269] Randolph GJ, Angeli V, Swartz MA. Dendritic-cell trafficking to lymph nodes 910 
through lymphatic vessels. Nature reviews Immunology 2005 Aug;5(8):617-28. 911 
[270] Palframan RT, Jung S, Cheng G, Weninger W, Luo Y, Dorf M, et al. 912 
Inflammatory chemokine transport and presentation in HEV: a remote control mechanism 913 
for monocyte recruitment to lymph nodes in inflamed tissues. The Journal of 914 
experimental medicine 2001 Nov 5;194(9):1361-73. 915 
[271] Vermi W, Riboldi E, Wittamer V, Gentili F, Luini W, Marrelli S, et al. Role of 916 
ChemR23 in directing the migration of myeloid and plasmacytoid dendritic cells to 917 
lymphoid organs and inflamed skin. The Journal of experimental medicine 2005 Feb 918 
21;201(4):509-15. 919 
[272] Yamagami S, Hamrah P, Miyamoto K, Miyazaki D, Dekaris I, Dawson T, et al. 920 
CCR5 chemokine receptor mediates recruitment of MHC class II-positive Langerhans 921 
cells in the mouse corneal epithelium. Invest Ophthalmol Vis Sci 2005 Apr;46(4):1201-7. 922 
[273] Zernecke A, Liehn EA, Gao JL, Kuziel WA, Murphy PM, Weber C. Deficiency 923 
in CCR5 but not CCR1 protects against neointima formation in atherosclerosis-prone 924 
mice: involvement of IL-10. Blood 2006 Jun 1;107(11):4240-3. 925 
 119 
[274] Zozulya AL, Reinke E, Baiu DC, Karman J, Sandor M, Fabry Z. Dendritic cell 926 
transmigration through brain microvessel endothelium is regulated by MIP-1alpha 927 
chemokine and matrix metalloproteinases. J Immunol 2007 Jan 1;178(1):520-9. 928 
[275] Heinzel K, Benz C, Bleul CC. A silent chemokine receptor regulates steady-state 929 
leukocyte homing in vivo. Proceedings of the National Academy of Sciences of the 930 
United States of America 2007 May 15;104(20):8421-6. 931 
[276] Masten BJ, Olson GK, Tarleton CA, Rund C, Schuyler M, Mehran R, et al. 932 
Characterization of myeloid and plasmacytoid dendritic cells in human lung. J Immunol 933 
2006 Dec 1;177(11):7784-93. 934 
[277] Gabay JE, Heiple JM, Cohn ZA, Nathan CF. Subcellular location and properties 935 
of bactericidal factors from human neutrophils. The Journal of experimental medicine 936 
1986 Nov 1;164(5):1407-21. 937 
[278] Yang D, Chen Q, Chertov O, Oppenheim JJ. Human neutrophil defensins 938 
selectively chemoattract naive T and immature dendritic cells. Journal of leukocyte 939 
biology 2000 Aug;68(1):9-14. 940 
[279] Sozzani S, Luini W, Borsatti A, Polentarutti N, Zhou D, Piemonti L, et al. 941 
Receptor expression and responsiveness of human dendritic cells to a defined set of CC 942 
and CXC chemokines. J Immunol 1997 Aug 15;159(4):1993-2000. 943 
[280] Martinon F, Tschopp J. NLRs join TLRs as innate sensors of pathogens. Trends in 944 
immunology 2005 Aug;26(8):447-54. 945 
[281] Robinson MJ, Sancho D, Slack EC, LeibundGut-Landmann S, Reis e Sousa C. 946 
Myeloid C-type lectins in innate immunity. Nature immunology 2006 Dec;7(12):1258-947 
65. 948 
[282] Janeway CA, Jr., Medzhitov R. Innate immune recognition. Annual review of 949 
immunology 2002;20:197-216. 950 
[283] Andersen-Nissen E, Smith KD, Bonneau R, Strong RK, Aderem A. A conserved 951 
surface on Toll-like receptor 5 recognizes bacterial flagellin. The Journal of experimental 952 
medicine 2007 Feb 19;204(2):393-403. 953 
[284] Takeda K, Akira S. Toll-like receptors in innate immunity. International 954 
immunology 2005 Jan;17(1):1-14. 955 
[285] Takeda K, Takeuchi O, Akira S. Recognition of lipopeptides by Toll-like 956 
receptors. J Endotoxin Res 2002;8(6):459-63. 957 
[286] Alexopoulou L, Holt AC, Medzhitov R, Flavell RA. Recognition of double-958 
stranded RNA and activation of NF-kappaB by Toll-like receptor 3. Nature 2001 Oct 959 
18;413(6857):732-8. 960 
[287] Hemmi H, Takeuchi O, Kawai T, Kaisho T, Sato S, Sanjo H, et al. A Toll-like 961 
receptor recognizes bacterial DNA. Nature 2000 Dec 7;408(6813):740-5. 962 
[288] Sioud M. Innate sensing of self and non-self RNAs by Toll-like receptors. Trends 963 
Mol Med 2006 Apr;12(4):167-76. 964 
[289] Gorden KB, Gorski KS, Gibson SJ, Kedl RM, Kieper WC, Qiu X, et al. Synthetic 965 
TLR agonists reveal functional differences between human TLR7 and TLR8. J Immunol 966 
2005 Feb 1;174(3):1259-68. 967 
[290] Agrawal S, Agrawal A, Doughty B, Gerwitz A, Blenis J, Van Dyke T, et al. 968 
Cutting edge: different Toll-like receptor agonists instruct dendritic cells to induce 969 
distinct Th responses via differential modulation of extracellular signal-regulated kinase-970 
mitogen-activated protein kinase and c-Fos. J Immunol 2003 Nov 15;171(10):4984-9. 971 
 120 
[291] Hiscott J, Grandvaux N, Sharma S, Tenoever BR, Servant MJ, Lin R. 972 
Convergence of the NF-kappaB and interferon signaling pathways in the regulation of 973 
antiviral defense and apoptosis. Annals of the New York Academy of Sciences 2003 974 
Dec;1010:237-48. 975 
[292] Honda K, Yanai H, Negishi H, Asagiri M, Sato M, Mizutani T, et al. IRF-7 is the 976 
master regulator of type-I interferon-dependent immune responses. Nature 2005 Apr 977 
7;434(7034):772-7. 978 
[293] Ito T, Kanzler H, Duramad O, Cao W, Liu YJ. Specialization, kinetics, and 979 
repertoire of type 1 interferon responses by human plasmacytoid predendritic cells. Blood 980 
2006 Mar 15;107(6):2423-31. 981 
[294] Steinman RM, Hawiger D, Liu K, Bonifaz L, Bonnyay D, Mahnke K, et al. 982 
Dendritic cell function in vivo during the steady state: a role in peripheral tolerance. 983 
Annals of the New York Academy of Sciences 2003 Apr;987:15-25. 984 
[295] Matzinger P. An innate sense of danger. Annals of the New York Academy of 985 
Sciences 2002 Jun;961:341-2. 986 
[296] Banchereau J, Briere F, Caux C, Davoust J, Lebecque S, Liu YJ, et al. 987 
Immunobiology of dendritic cells. Annual review of immunology 2000;18:767-811. 988 
[297] Adams S, O'Neill DW, Bhardwaj N. Recent advances in dendritic cell biology. J 989 
Clin Immunol 2005 May;25(3):177-88. 990 
[298] Dieu MC, Vanbervliet B, Vicari A, Bridon JM, Oldham E, Ait-Yahia S, et al. 991 
Selective recruitment of immature and mature dendritic cells by distinct chemokines 992 
expressed in different anatomic sites. The Journal of experimental medicine 1998 Jul 993 
20;188(2):373-86. 994 
[299] Vecchi A, Massimiliano L, Ramponi S, Luini W, Bernasconi S, Bonecchi R, et al. 995 
Differential responsiveness to constitutive vs. inducible chemokines of immature and 996 
mature mouse dendritic cells. Journal of leukocyte biology 1999 Sep;66(3):489-94. 997 
[300] Netea MG, Van der Meer JW, Sutmuller RP, Adema GJ, Kullberg BJ. From the 998 
Th1/Th2 paradigm towards a Toll-like receptor/T-helper bias. Antimicrobial agents and 999 
chemotherapy 2005 Oct;49(10):3991-6. 1000 
[301] Murphy KM, Reiner SL. The lineage decisions of helper T cells. Nature reviews 1001 
Immunology 2002 Dec;2(12):933-44. 1002 
[302] Asselin-Paturel C, Boonstra A, Dalod M, Durand I, Yessaad N, Dezutter-1003 
Dambuyant C, et al. Mouse type I IFN-producing cells are immature APCs with 1004 
plasmacytoid morphology. Nature immunology 2001 Dec;2(12):1144-50. 1005 
[303] Cella M, Facchetti F, Lanzavecchia A, Colonna M. Plasmacytoid dendritic cells 1006 
activated by influenza virus and CD40L drive a potent TH1 polarization. Nature 1007 
immunology 2000 Oct;1(4):305-10. 1008 
[304] Bosisio D, Polentarutti N, Sironi M, Bernasconi S, Miyake K, Webb GR, et al. 1009 
Stimulation of toll-like receptor 4 expression in human mononuclear phagocytes by 1010 
interferon-gamma: a molecular basis for priming and synergism with bacterial 1011 
lipopolysaccharide. Blood 2002 May 1;99(9):3427-31. 1012 
[305] Snijders A, Kalinski P, Hilkens CM, Kapsenberg ML. High-level IL-12 1013 
production by human dendritic cells requires two signals. International immunology 1998 1014 
Nov;10(11):1593-8. 1015 
 121 
[306] Napolitani G, Rinaldi A, Bertoni F, Sallusto F, Lanzavecchia A. Selected Toll-1016 
like receptor agonist combinations synergistically trigger a T helper type 1-polarizing 1017 
program in dendritic cells. Nature immunology 2005 Aug;6(8):769-76. 1018 
[307] Warger T, Osterloh P, Rechtsteiner G, Fassbender M, Heib V, Schmid B, et al. 1019 
Synergistic activation of dendritic cells by combined Toll-like receptor ligation induces 1020 
superior CTL responses in vivo. Blood 2006 Jul 15;108(2):544-50. 1021 
[308] Schulz O, Edwards AD, Schito M, Aliberti J, Manickasingham S, Sher A, et al. 1022 
CD40 triggering of heterodimeric IL-12 p70 production by dendritic cells in vivo requires 1023 
a microbial priming signal. Immunity 2000 Oct;13(4):453-62. 1024 
[309] Bafica A, Santiago HC, Goldszmid R, Ropert C, Gazzinelli RT, Sher A. Cutting 1025 
edge: TLR9 and TLR2 signaling together account for MyD88-dependent control of 1026 
parasitemia in Trypanosoma cruzi infection. J Immunol 2006 Sep 15;177(6):3515-9. 1027 
[310] Bafica A, Scanga CA, Feng CG, Leifer C, Cheever A, Sher A. TLR9 regulates 1028 
Th1 responses and cooperates with TLR2 in mediating optimal resistance to 1029 
Mycobacterium tuberculosis. The Journal of experimental medicine 2005 Dec 1030 
19;202(12):1715-24. 1031 
[311] Tada H, Aiba S, Shibata K, Ohteki T, Takada H. Synergistic effect of Nod1 and 1032 
Nod2 agonists with toll-like receptor agonists on human dendritic cells to generate 1033 
interleukin-12 and T helper type 1 cells. Infect Immun 2005 Dec;73(12):7967-76. 1034 
[312] Baumgarth N, Bevins CL. Autoimmune disease: skin deep but complex. Nature 1035 
2007 Oct 4;449(7162):551-3. 1036 
[313] Keir ME, Sharpe AH. The B7/CD28 costimulatory family in autoimmunity. 1037 
Immunological reviews 2005 Apr;204:128-43. 1038 
[314] Amsen D, Blander JM, Lee GR, Tanigaki K, Honjo T, Flavell RA. Instruction of 1039 
distinct CD4 T helper cell fates by different notch ligands on antigen-presenting cells. 1040 
Cell 2004 May 14;117(4):515-26. 1041 
[315] Harrington LE, Mangan PR, Weaver CT. Expanding the effector CD4 T-cell 1042 
repertoire: the Th17 lineage. Current opinion in immunology 2006 Jun;18(3):349-56. 1043 
[316] Mucida D, Park Y, Kim G, Turovskaya O, Scott I, Kronenberg M, et al. 1044 
Reciprocal TH17 and regulatory T cell differentiation mediated by retinoic acid. Science 1045 
2007 Jul 13;317(5835):256-60. 1046 
[317] Lillard JW, Jr., Boyaka PN, Chertov O, Oppenheim JJ, McGhee JR. Mechanisms 1047 
for induction of acquired host immunity by neutrophil peptide defensins. Proceedings of 1048 
the National Academy of Sciences of the United States of America 1999 Jan 1049 
19;96(2):651-6. 1050 
[318] Biragyn A, Ruffini PA, Leifer CA, Klyushnenkova E, Shakhov A, Chertov O, et 1051 
al. Toll-like receptor 4-dependent activation of dendritic cells by beta-defensin 2. Science 1052 
2002 Nov 1;298(5595):1025-9. 1053 
[319] Singh M, O'Hagan D. Advances in vaccine adjuvants. Nature biotechnology 1999 1054 
Nov;17(11):1075-81. 1055 
[320] Dybvig T, Facci M, Gerdts V, Wilson HL. Biological roles of host defense 1056 
peptides: lessons from transgenic animals and bioengineered tissues. Cell and tissue 1057 





Appendix A: Effects of synthetic host defense peptides on porcine dendritic cells  
 
The immunomodulatory effect of the synthetic HDPs, HH2, HH17 and HH18 was 
examined in porcine MoDCs and BDCs. The effects of these HH peptides on cell surface 
marker expression via flow cytometry, cytokine production via ELISA, changes in gene 
expression in cytokines, chemokines and co-stimulatory molecules, and uptake ability via 
endocytic assay were studied.  
 
A. Dose Response Assessment 
 
To determine peptide safety, assays for cytotoxicity and for caspase activity were 
performed in porcine PBMC using kits (Promega) as per the manufacturers instructions. 
Peptide concentrations ranging up to 100 µg/ml were used at 1, 5 and 24 hours for the 
cytotoxicity assay (Figure 1A-C) and 5 hours for the caspase assay (Figure 2). We 
demonstrated that at these concentrations HH2, HH17 and HH18 were not cytotoxic nor 




Figure 1. Cytotoxicity assay in PBMC.  
PBMC were rested overnight and incubated with CpG ODN (5 µg/ml), HH2, HH17 and 
HH18 at respectively at the following respective concentrations: 100, 10 and 1 µg/ml, for 
1 hour (A), 5 hours (B) and 24 hours (C) and then assayed by luminescence for 
















































































































































































































































Figure 2. Caspase activity in PBMC following a 5 hour incubation with treatments.  
PBMC were rested overnight and incubated with CpG ODN (5 µg/ml), Peptide 1, 2, and 
3 at respectively at the following respective concentrations: 100, 10 and 1 µg/ml, for 5 
hours and then assayed by luminescence for caspase activity. Results are expressed as 
mean ± SEM (n=2). 
 
B. Cell surface marker expression 
 
MoDCs were stimulated with HH2, HH17 and HH18 using a low dose of 5 µg/ml (n=2) 
for 8 hours. This peptide dose was chosen based on studies that used HDPs at similar 
concentrations [144]. MoDCs were stimulated with HH2, HH17 and HH18 for 8 hours 
and analyzed by flow cytometry for the percent of cells positive for CD172a, MHCII, 
CD16, MHCI, CTLA, CD1 and CD14 expression as well as for their mean fluorescence 
intensity (Figure 3). No changes in either of these parameters were observed. No 
differences were present for the percent of positive cells following peptide stimulation.  
 








































































































































































































































































































Figure 3. Cell surface marker expression in MoDCs. MoDCs were generated by 
isolating CD14+ cells by MACs and then cultured in the presence of IL-4 and GM-CSF. 
They were assessed for the expression of their cell surface markers at day 6 (n=2) by flow 
cytometric analysis. Data are expressed as a mean ± SEM % of positive cells (A-G) and 







































































































































































































































moDC cell surface marker mean fluorescent intensity 









C. Cytokine production via ELISA  
Preliminary data on cytokine production using the HH peptides at a low dose were 
suggestive that a higher peptide dose should be used. Similar findings were made by our 
collaborators therefore we decided to use a higher dose for future experiments (133 
µg/ml). Subsequently, protein levels of IL-6, IL-8, IL-10, IL-12 and TNF-α were 
examined by ELISA following a 24-hour stimulation with HH2, HH17, HH18 and LPS. 
No changes were seen for IL-10 production (data not shown). TNF-α production was 
only seen following stimulation by LPS (data not shown). Results for IL-6, IL-8 and IL-
12 for both MoDCs and BDCs are shown in Figure 4. With the exception of LPS, the 





Figure 4. IL-6, IL-8 and IL-12 cytokine production by ELISA in MoDCs and BDCs. 
MoDCs (Figure 4A-C) at day5 and BDCs (Figure 4D-F) that were isolated and rested for 
4 hours were cultured with HH2 (133 µg/ml), HH17 (133 µg/ml), HH18 (133 µg/ml) or 
LPS (100 ng/ml) for 24 hours. Supernatant was assayed by ELISA for IL-6, IL-8 and IL-
12 protein. Results are expressed as median concentration ± range (n=4 pigs). 
 
D. Gene expression studies on cytokines, chemokines and co-stimulatory molecules 
 
Changes in gene expression were examined following an 8 hour stimulation with HH2, 
HH17, HH18 and LPS. Results are presented in Table 1 for both MoDCs and BDCs as an 
average fold change ± SEM (n=4). Only fold changes of more than 2 were considerable 
















































































































IL-8, IL-6 and IL-12 production following 24 hour stimulation 








MoDC and of IFN-γ in BDCs. Neither HH17 nor HH18 resulted in changes in gene 
expression. LPS treatment resulted in an increase in CCL3, IL-6, IL-8, IL-12p40, IL-13, 
IL-17, TNF-α, CCR7, CCL2 and CCL20 expression.   
 
 130 
Table 1. Changes in the relative fold change of gene expression in MoDC and BDC 
following an 8 hour stimulation with peptides and LPS. Change in DC gene expression of 
cytokine, chemokines chemokine receptors and co-stimulatory molecules following 
peptide and LPS stimulation. MoDC at day 5 were cultured with HH2 (133 µg/ml), 
HH17 (133 µg/ml), HH18 (133 µg/ml) and LPS (100 ng/ml) for 8 hours. Cells were 
collected in Trizol and then analyzed by RT-PCR for changes in gene expression of IL-6, 
IL-8, IL-12p35, IL-12p40, IL-13, IL-17, TNF-α, IFN- α, IFN-γ, TGF-β, NκFBp65, 
CCR5, CCR6, CCR7, CCL2 (MCP-1), CCL3 (MIP-1α), CCL4 (MIP-1β), CCL20 (MIP-










(100 ng/ml)  
BDC interleukins IL-8 2.5 ±1.3 1.1±0.1 1.0±0.4 1.0±0.4  
 TNF-α 2.5±1.3 1.1±0.1 1.0±0.4 1.0±0.4  
 IFN-α 1.1±0.4 0.9±0.3 2.1±0.8 0.3±0.1  
 IFN-γ 6.7±4.1 0.4±0.1 0.5±0.2 8.1±4.7  
BDC chemokines/ 
chemokine receptors CCR5 0.4±0.1 1.9±0.2 1.2±0.3 0.7±0.1  
 CCR6 2.5±0.8 0.7±0.2 1.1±0.2 1.4±0.6  
 CCR7 1.5±0.5 0.7±0.1 1.6±0.6 1.4±0.6  
 CCL2 0.3±0.1 1.8±0.6 6.5±5.4 11.1±7.2  
 CCL3 1.2±0.4 1.4±0.2 1.3±0.3 21.3±13.3  
 CCL20 1.0±0.4 0.8±0.5 1.9±1.0 12.6±12.0  
BDC markers CD80 1.3±0.3 1.0±0.0 0.8±0.5 3.5±1.6  
 CD86 1.1±0.4 1.4±0.4 0.5±0.1 3.6±1.4  
MoDC interleukins IL-6 18.0±17.7 1.5±0.6 1.0±0.7 33.8±17.1  
 IL-8 17.6±17.0 1.3±0.5 0.4±0.2 34.6±17.7  
 IL-12p35 1.4±0.9 1.2±0.4 1.0±0.1 2.4±0.8  
 IL-12p40 6.3±3.7 0.6±0.2 0.7±0.2 13.1±6.9  
 IL-13 6.4±6.2 2.8±1.8 1.0±0.3 44.9±30.5  
 IL-17 8.5±4.1 0.9±0.3 0.5±0.3 24.9±19.9  
 TNF-α 4.5±4.0 1.3±0.7 0.7±0.4 12.6±5.8  
 IFN-α 2.0±0.6 1.5±0.5 2.0±0.4 0.3±0.3  
 IFN-γ 1.7±0.8 0.5±0.1 1.4±0.2 5.4±4.3  
 TGF-β 1.2±0.5 1.5±0.3 1.0±0.2 0.8±0.4  
 NFKBp65 1.8±0.4 0.9±0.3 1.1±0.2 1.1±0.2  
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MoDC chemokines/ 
chemokine receptors CCR5 2.5±1.2 1.1±0.2 1.5±0.3 0.7±0.3  
 CCR6 1.7±0.6 1.0±0.2 1.4±0.7 1.9±0.2  
 CCR7 4.1±2.9 0.8±0.2 0.9±0.2 4.0±1.0  
 CCL2 2.3±1.5 0.6±0.2 0.9±0.2 4.8±2.2  
 CCL3 -1.3±1.7 2.6±1.3 0.8±0.5 -3.5±1.2  
 CCL4 -1.1±1.7 2.5±1.1 1.1±0.7 -3.1±2.1  
 CCL20 9.2±8.8 2.3±1.1 0.3±0.1 40.7±28.4  
MoDC markers CD80 1.9±0.9 1.1±0.3 0.8±0.2 2.9±1.3  
 CD86 1.0±0.1 1.0±0.3 2.6±1.1   





The ability of DCs to sample antigen is key in their functioning as antigen presenting 
cells. DCs sample antigen by various mechanisms including endocytosis. The goal of this 
experiment was to determine if HDPs are able to effect DC endocytosis via the uptake of 
FITC-dextran. Endocytosis assays for the HH peptides were performed in MoDCs 




Figure 5. Endocytic activity MoDCs and BDCs following stimulation with HH 
peptides. Uptake ability of MoDCs (Figure 5A-C) and BDCs (Figure D-F) following 
stimulation with HH2 (133 µg/ml), HH17 (133 µg/ml) and HH18 (133 µg/ml) was 
assayed by examining the percentage of cells staining positive for FITC-dextran. Results 



















































































































We examined the effects of stimulating porcine MoDCs and BDCs with HH2, HH17 and 
HH18. We did not see any significant changes in the parameters that we examined i.e. 
cell surface marker expression, cytokine production, chemokine production, co-
stimulatory molecule expression and endocytic ability. For this reason we expanded our 
study to include other peptides some of which are naturally-occurring. We also moved 
from screening DCs to examining effects in PBMC. Reasons for which we did not see 





Appendix B: Recruitment and activation of dendritic cells by innate immune 




The innate immune response to infection is characterized by the fast appearance 
of effector molecules within minutes after breaching of the mucosal lining or the skin. 
Effector molecules such as cytokines, chemokines and host defense peptides are 
subsequently secreted to recruit a variety of immune cells and to activate the cells upon 
arrival at the site of infection. Amongst the cells being recruited dendritic cells are critical 
immune cells, which play a major role in linking innate and acquired immunity, thereby 
ensuring that both acquired immune responses and immune memory are induced. Here, 
we review the early stages of an innate immune response and the recruitment, activation 
and maturation of these cells by innate immune molecules. Furthermore, the potential of 
using some of these innate immune modulators to modulate the immune response to 







Innate immune responses are triggered in response to the recognition of pathogen 
associated molecular pattern (PAMPs) via pattern recognition receptors (PRRs). 
Typically, within minutes after breaching of the mucosal or dermal lining innate effector 
molecules that mediate the recruitment and activation of various types of immune cells to 
the site of infection are released. In fact, it is this first interaction between the pathogen 
and the host’s innate immune system that sets the stage for the subsequent immune 
response. Among the cells recruited are dendritic cells (DCs). These cells are efficient 
antigen-presenting cells (APCs) found in peripheral tissues as well as in primary and 
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secondary lymphoid organs [3, 236]. DCs play a central role in the induction and 
regulation of innate and adaptive immune responses, and represent an important link 
between innate and acquired immunity [237]. Their strong capacities for acquiring, 
processing, retaining, and presenting multiple peptides explain their superior role as 
APCs. For example, compared to macrophages lung DCs home more efficiently to T cell 
zones in secondary lymphoid organs [238]. Different subtypes of DCs have been 
described at steady state in mice, pigs, and humans. The two major subtypes are the type-
1 interferon-producing plasmacytoid DCs and the conventional DCs that are found in 
both non lymphoid and lymphoid tissues [162]. Conventional DCs can be further divided 
into subsets according to their tissue-specific localization, such as interstitial tissue DCs, 
lung DCs and mucosal tissue-associated DCs [162]. Depending on their maturation 
status, immature DCs are present in the periphery whilst in secondary lymphoid organs 
both mature and immature DCs are present. 
 
DCs are regulators of the innate and adaptive immune system that can be found in 
almost every organ in the body. Their recruitment and activation is mediated by a variety 
of innate immune molecules including chemokines, TLR ligands and host defense 
peptides. The presence of DCs at the mucosal surfaces and spleen allows them to 
continuously sample antigens in their surrounding environment by macropinocytosis, 
receptor-mediated endocytosis and phagocytosis [239, 240]. Resting DCs display a low 
surface expression of class II MHC and co-stimulatory molecules such as CD40, CD80 or 
CD86. In response to microbial and endogenous stimuli, these resting DCs undergo a 
complex maturation process that leads to changes in antigen capture and presentation, 
migration, expression of co-stimulatory molecules and production of T cell polarizing 
cytokines. Some of these stimuli are presented in the following sections. 
 
2. Recruitment of dendritic cells 
A large number of molecules are involved in the homing and recruitment of DCs 
including integrins, adhesins, lipid mediators, host defense peptides, cytokines and 
chemokines [241, 242] Here, we focus on the role of chemokines and host defense 
peptides as effector molecules of the innate immune system.  
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The role of chemokines in DC recruitment 
Chemokines, a family of structurally similar peptides, are involved in the 
regulation of inflammation, leukocyte trafficking, and immune cell differentiation [243, 
244]. These molecules are highly basic proteins of 70-125 amino acids, with molecular 
masses ranging from 6 to 14 kDa. They exert their functions by binding specific seven-
transmembrane G-protein-coupled receptors located on the cell surface [243, 244]. Most 
chemokines contain at least four cysteines that form two disulfide bonds, one between the 
first and third and one between the second and fourth cysteine residues [243, 244]. 
According to the relative position of the cysteine residues, chemokines can be subdivided 
into four families: CXC- (α-chemokines), CC- (β-chemokines), C- (γ-chemokines), and 
CX3C- chemokines (δ-chemokines) [243, 244]. Different chemokines are involved in the 
various stages of DC migration. 
 
 DCs originate mainly from hematopoietic stem cell precursors that are released 
into the bloodstream and account for approximately 1% of all peripheral blood 
mononuclear cells (Figure 1) [44, 241, 245]. However, some DCs are of lymphoid origin 
[162]. The egress of DCs from the bone marrow into the bloodstream is tightly controlled 
by various integrin/addressin and chemokine/chemokine receptor interactions, the most 
important being CXCR4/CXCL12 [241, 246-249]. CXCL12, secreted by stromal cells, 
controls the egress of DC precursors even in the absence of inflammatory stimuli [250, 
251]. This chemokine interacts with CXCR4, expressed on monocyte and DC precursors, 
inducing an up-regulation of cell surface integrins that retain DC precursors in the bone 
marrow [252, 253]. Thus, the immune system controls the release of precursors by 
modifying CXCL12 expression. Another receptor, CX3CR1, is involved in the 
recruitment of DCs during homeostasis and under inflammatory conditions [254-256]. 
Interestingly, other innate immune molecules such as host defense peptides also attract 
dendritic cells [257] (Figure 1).  
 
DCs reach the spleen via the blood at a very low frequency, and then migrate to 
the marginal zone where they develop into conventional populations of immature DCs 
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(Figure 1) [44, 254, 258, 259]. Once matured and activated, DCs leave the marginal zone 
towards the T cell zone in the white pulp. This migration is mediated by an upregulation 
of CCR7, which enables the DCs to respond to the chemokines CCL19 and CCL21 [260-
262]. While some DCs colonize lymph nodes via the blood [7, 263, 264], their main route 
of entry is via the afferent lymph [7, 263, 264]. Interestingly, this migration is 
substantially increased after stimulation with microbial stimuli and inflammatory 
cytokines [241, 259, 265, 266]. This stimulation leads to the downregulation of CCR1, 
CCR2, CCR5 and CCR6 and upregulation of CCR4 and CCR7, eventually enabling DCs 
to migrate to secondary lymphoid tissues in response to CCL19 and CCL21 [241, 259, 
267, 268]. Secondly, it also reduces their responsiveness to inflammatory chemokines 
(e.g., CCL3, CCL5 and CCL20). DC entry into lymphatic vessels is mediated by 
adhesion molecules such as ICAM-1 or JAM-1 [241, 269]. From lymphatic vessels DCs 
reach the subcapsular sinus of the regional lymph node in a CCL21-dependent manner 
[241, 269]. Upon entry into the sinus, DCs are further directed towards the paracortex by 
CCL21 and CCL19 [241, 269]. Although their entry into the lymph node via the afferent 
lymph is the best described route of entry, DCs can also enter the lymph node via high 
endothelial venules (HEV) [7, 15, 21, 270]. Among the different DCs subsets, 
plasmacytoid DCs, CCR2high monocytes and conventional DCs including their precursors 
have been described to use this route [7, 15, 21, 270]. Non-inflamed lymph nodes support 
adhesion but not transmigration of plasmacytoid DCs, whereas inflamed lymph nodes 
allow strong migration of DCs across the HEV. This occurs using CD62L and CD62E 
during attachment and rolling, and involves β1 and β2 integrins for endothelial 
attachment [7, 21]. CCR5 as well as ChemR23 in humans also appears to mediate the 
recruitment of DCs across HEV [7, 21, 271]. 
 
DCs enter the periphery either directly, or via precursors such as monocytes 
(Figure 1). However during inflammation, mononuclear phagocytes and DCs are 
recruited [44, 263, 272, 273]. This recruitment is controlled by various chemokines and 
matrix metalloproteinases [274]. For example, CCL3 interacts with the receptors CCR1 
and CCR5. Within the chemokine network, several functional redundancies exist, as a 
single chemokine can bind to more than one receptor, and a single receptor can be bound 
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by various chemokines (CCL3, CCL5 and CCL6 for CCR1 and CCR5; CCL25 for CCR9 
and CCX-CKR1) [241]. Recently, CCX-CKR1, which is exclusively expressed by 
stromal cells, has been implicated in the regulation of homeostatic CD11c+ MHCIIhigh DC 
migration by controlling the availability of chemokines into the extracellular space [275]. 
This finding adds another level of complexity in the understanding of leukocyte 
homeostatic migration [275]. Plasmacytoid DCs can enter normal tissues at very low 
levels in humans and mice in the presence or absence of inflammatory stimuli [162, 241, 




The role of host defense peptides in DC recruitment 
 Host defense peptides are cationic peptides that can be grouped into defensins and 
cathelicidins based on the respective presence of β-sheets and α-helices [191]. These two 
families differ in their disulfide content and peptide length allowing them to have 
different functions. Being positively charged, host defense peptides are able to form pores 
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in bacterial membranes thereby being antimicrobial [193]. In addition to this property, 
host defense peptides have been demonstrated to be immunomodulatory by recruiting 
immune cells to sites of pathogen entry (Figure 2). Neutrophils are amongst the first cells 
to arrive and possess various granules that contain antimicrobial [277] and 
immunomodulatory factors [215] such as host defense peptides. The release or activity of 
these peptides is regulated by the activation state of the neutrophil and by enzymes that 
cleave the propeptide form of the peptide into its mature form. For example, neutrophil-
derived elastase cleaves Bac7 into its mature form [109], whilst the cleavage of LL-37 
from HCAP18 occurs upon exocytosis and consequent cleavage via proteinase 3 [110]. 
Interestingly, whilst the immature form of Bac7 is chemotactic [134] and does not have 
any antimicrobial activity, its mature form is antimicrobial against Klebsiella pneumoniae 
and Salmonella typhimurium [109]. This example demonstrates the importance of peptide 
maturity in determining the peptide’s function and ability to recruit immune cells. The 
ability of peptides to chemoattract other immune cells serves as means to propagate and 
amplify immune signals.  
 
Host defense peptides from various species have been demonstrated to recruit 
immune cells (Figure 1). For example, hCAP, the propeptide of the human cathelicidin 
LL-37 recruited human monocytes [135], rat mast cells [143], human neutrophils [135-
137], human DCs [136] and human T cells [135, 138]. The mouse cathelicidin CRAMP 
was chemotactic for human monocytes, neutrophils, macrophages, and mouse peripheral 
blood leukocytes [149]. The human beta defensins 1-4 were chemotactic for human 
macrophages [139], mast cells [139], immature DC [278], CD4+/CD45RA+ naive and 
CD8+, but not CD4+/CD45RO+ memory T cells [141, 278]. Murine β-defensins 2 and 3 
were able to recruit murine immature DC [145, 155]. 
 
Many of the receptors used by host defense peptides for recruitment remain unknown. 
Whereas some defensins have been shown to recruit immature DCs via CCR6 [145, 146], 
both the human and mouse cathelicidins LL-37 and CRAMP act mostly via FPRL 
(formyl peptide receptor like) [135, 147-149]. Different cells possess distinct sets of 
receptors thereby adding specificity to the recruitment process. For example DCs migrate 
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in response to fMLP (representative of formyl peptides of bacterial origin), C5a, and the 
CC-chemokines CCL7, CCL3 and CCL5, but not to the CXC-chemokines IL-8 and 
CXCL10 and the CC-chemokines CCL2 and CCL8 [147, 279] whereas neutrophils 
migrate in response to cytokines such as IL-8. In pigs, we observed that after 24-hour 
stimulation of monocyte-derived DCs with a Bactenecin peptide derivative increased 
protein levels of IL-8. Theoretically given that IL-8 recruits neutrophils and that 
neutrophils release host defense peptides, this peptide may have the potential to indirectly 
recruit more DCs. Furthermore, following an 8-hour stimulation of monocyte-derived 
DCs with the same peptide, increases in gene expression of IL-12p40 and IL-17 were 
observed. These changes in gene expression indicate the potential of host defense 







3. Activation of dendritic cells 
 
Activation of DCs is partially induced by the recognition of pathogens via PRRs 
(Figure 3). The three main families of PRRs comprise Nod-like receptors (NLRs), C-type 
lectin receptors (CLRs) and Toll-like receptors (TLRs). Nod-like receptors function as 
cytosolic sensors for bacterial products and endogenous danger signals. This family 
includes innate receptors like nucleotide-binding oligomerization domain (nod)1 and 
nod2, which activate NF-κB, and other receptors, such as NALPs, which can activate 
caspase-1 leading to the processing of pro-IL-1β and pro-IL-18 into their active forms 
[280]. The CLR family recognizes various bacterial and fungal carbohydrate moieties 
such as D-mannose, L-fucose and N-acetylglucosamine present on the surface of 
pathogens. Their major function is to internalize antigens for further processing and 
presentation by DCs. This family includes DC-SIGN (dendritic cell-specific intercellular 
adhesion molecule 3 grabbing nonintegrin), dectin-1 and the mannose receptor [281].  
The TLR family includes 10 different receptors in humans (TLR1-10) and 12 in mice 
(TLR1-9 and 11-13) [282]. Members of the TLR family recognize a wide range of 
bacterial, viral and parasitic molecular patterns. These TLRs are either expressed on the 
cell surface or within endosomes. Amongst the cell surface expressed TLRs, TLR5 is 
triggered by flagellin from both Gram-positive and Gram-negative bacteria [283]. TLR4 
detects lipopolysaccharide (LPS) and TLR2 recognizes a variety of microbial 
components such as peptidoglycans and lipoteichoic acid (LTA) from Gram-positive 
bacteria, lipoarabinomannans from mycobacteria and zymosan from fungi [284]. TLR2 
also forms heterodimers with TLR1 or TLR6. The TLR1/2 heterodimer recognizes 
triacyllipopeptides from gram-negative bacteria whereas the TLR2/6 heterodimer is 
triggered by diacyllipopeptides expressed by mycoplasma [285]. Amongst the TLRs 
expressed in the cytoplasm, TLR3 recognizes double-stranded RNA, produced by most 
viruses, [286], whereas TLR9 recognizes unmethylated 2’-deoxyribo(cytidine-phosphate-
guanosine)(CpG) DNA motifs present in bacterial DNA [287]. Synthesized 
oligodeoxynucletides with unmethylated CpG dinucleotides (CpG ODN) can mimic the 
immunostimulatory activity of bacterial DNA through TLR9 activation. Depending on 
the number of CpG motifs present, the spacing of the CpG motifs, the flanking sequences 
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and the backbone of the ODN, three classes of ODN can be distinguished, namely A-
class ODN, B-class ODN and C-class ODN. These three classes have different 
stimulatory activities with the C-class ODN combining intermediate effects of both the 
A-class and the B-class ODN [29]. TLR7 and TLR8 specifically recognize single-
stranded RNA from pathogens such as RNA viruses. They are highly homologous to 
TLR9 and are involved in viral recognition [288]. Certain synthetic anti-viral 
imidazoquinolines were also demonstrated to stimulate TLR7- and TLR8-dependent 
signaling [289]. 
Interestingly, the pattern of expression of TLRs by DCs differs by both subset and 
species. In humans, conventional DCs express TLR2, TLR3, TLR4, TLR5, TLR6 and 
TLR8 whereas plasmacytoid DCs express TLR7 and TLR9. In mice, both conventional 
and plasmacytoid DCs express TLR9. Depending on the TLR and the DC subpopulation 
different types of immune responses are elicited. For example, in conventional DCs, 
triggering of TLR4 or TLR5 induces phosphorylation of p38 and JNK1/2 kinases, which 
stimulate Th1 responses via IL-12 production. In contrast, the TLR2 agonists Pam3Cys 
and Schistosoma egg antigens stimulate phosphorylation of ERK1/2, which results in the 
stabilization of the transcription factor c-Fos (a suppressor of IL-12) and polarization of 
the immune response towards a Th2 type [290]. TLR3 engagement leads to IRF-3 
activation via the adapter protein TRIF and IFN-β production, which induces IRF-7 in an 
autocrine fashion and subsequent production of IFN-α [291]. In plasmacytoid DCs, 
triggering of TLR7 or TLR9 by their natural ligand (single stranded RNA and bacterial 
DNA respectively) or by synthetic ligands (imidazoquinolines and CpG ODN 
respectively) induces the production of large amounts of IFN-α through a signaling 
cascade that rapidly activates IRF-7 [292], making those cells the most efficient type I 
interferon producers. Stimulation of TLR7 and TLR8 also induces the production of Th1-
like and pro-inflammatory cytokines and chemokines other than type I IFN including 
IFN-γ, CXCL10, IL-12, IL-6, TNF-α [37]. Signalling via TLR9 induces upregulation of 
costimulatory molecules, resistance to apoptosis and secretion of Th1 promoting 
chemokines and cytokines such as type III IFNs, CCL3, CCL4, CXCL10 and other IFN-
inducible genes [29]. Human pDCs do not produce significant IL-12p70 whereas mouse 
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pDCs produce measurable amounts of IL-12 in response to these TLR ligands, even in 
smaller amounts compared to the conventional DC subset [293]. 
 
4. Maturation of dendritic cells 
 
Under steady-state conditions, DCs remain in an immature state and do not 
differentiate into functional initiators of immunity. Without inflammation or infection, 
DCs continuously migrate from the periphery to the lymph nodes. DCs migrating during 
homeostasis are considered quiescent, semi-mature or not fully mature. In contrast to 
mature DCs, homeostatic DCs do not express the full set of stimulatory signals that are 
required for T cell activation. They present self-antigens or non-immunogenic proteins 
leading to T cell deletion, anergy or differentiation into regulatory cells [294]. This is an 
important immunological process designed to purge the peripheral T cell repertoire of 
autoreactive T cells that have escaped thymic depletion and potentially could give rise to 
autoimmunity.  
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As discussed previously, immature DCs express a wide repertoire of PRRs that 
specifically recognize highly conserved PAMPs. During an infection or tissue injury 
resting DCs will be exposed to pathogens and mediators of inflammation that can act as 
“danger signals” to alert these cells [295]. The triggering of these receptors by microbial 
products combined with the presence of host-derived inflammatory molecules such as 
TNF-α, IL-1, IL-6, type I interferons, CD40/CD40 ligand interaction, or molecules 
released by damaged host tissues will lead to the activation and full maturation of DCs. 
This maturation process is characterized by a loss of endocytic and phagocytic capacities 
and an increase in the surface expression of co-stimulatory molecules such as CD80, 
CD86 and CD40 [296, 297]. The mature DCs also change their pattern of chemokine 
receptor expression from the expression of receptors recognizing chemokines expressed 
in the peripheral tissues (CCR1, CCR2, CCR5 and CCR6) towards the expression of 
CCR7. This receptor recognizes CCL19 and CCL21; two chemokines constitutively 
expressed in the T-cell zones of secondary lymphoid organs, thus allowing the migration 
of mature DCs in the lymph nodes to present antigens to and activate naïve T cells [268, 
298, 299]. Depending on the nature of the maturation stimulus, the subset of DCs, and the 
local environment, DCs are able to prime naïve T cells and induce their clonal expansion 
and differentiation into Th1, Th2 or Th17 cells, which can be distinguished on the basis 
of their cytokine production [300, 301].  
 
Plasmacytoid DCs can be activated and undergo maturation, which enhances their 
potential for antigen presentation. Similar to conventional DCs, plasmacytoid DC 
maturation includes the upregulation of MHCII and co-stimulatory molecules CD80, 
CD86 and CD40. However plasmacytoid DCs present antigens less efficiently since their 
uptake, processing and loading of antigen onto MHC molecules is not as effective as that 
of conventional DCs; and even fully matured, they express less MHC class II and co-
stimulatory molecules than conventional DCs. However, plasmacytoid DCs can 
efficiently induce proliferation of previously experienced T cell clones [41, 302, 303]. 
 
Other molecules such as host defense peptides can also modulate DC maturation. 
For example, in the presence of LL-37 immature DCs increase their expression of HLA-
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DR and CD86 [158], become more endocytic and secrete Th1 cytokines [136]. When 
monocyte-derived DCs were stimulated with LPS, lipoteichoic acid and flagellin they 
produced IL-6, IL-12p70 and TNF-alpha and increased their surface expression of HLA-
DR, CD80, CD83, CD86 and the chemokine receptor CCR7. Interestingly, when these 
stimulants were combined with LL-37 the surface marker expression of the above was 
decreased. Furthermore when DC were stimulated with LL-37 and LPS and then co-
cultured with naïve T cells the production of IL-2 and IFN-y was decreased [234]. This 
data demonstrates the extent to which HDPs can alter immune responses. 
 
All stimuli involved in the activation and maturation of DCs can cooperate or 
synergize in the induction of particular aspects of DC maturation, especially cytokine 
production. For example, the secretion of large amounts of IL-12p70 by DCs requires 
synergizing stimuli such as IFN-γ, which acts as a conditioner by inducing the 
upregulation of TLR expression [304, 305], triggering of TLRs by PAMPs acting as 
specifying inducers [306, 307], and CD40L interaction that boosts the IL-12p70 
production already triggered by microbial stimuli [305, 308]. Synergy between innate 
immune receptors has been demonstrated following microbial infections. For example, 
during infection by Mycobacterium sp. or Trypanosoma sp., TLR2 and TLR9 synergize 
to induce IL-12p40 production and a Th1 response [309, 310]. Another example is the 
synergy between Nod receptors and TLR3, TLR4 or TLR9 in the induction of IL-12p70 
production [311]. Host defense peptides also contribute to the activation of DCs and 
deficiencies in host defense peptide expression can contribute to disease pathogenesis 
[118]. However in contrast, in psoriasis LL-37 appears to activate plasmacytoid DC to 




5. Induction of acquired immunity 
 
Once matured, DCs link innate and adaptive immunity by being able to drive Th1 
or Th2 immune responses. The presence of immunomodulators, such as host defense 
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peptides or TLR ligands such as CpG ODN, is particularly important in determining the 
type of the immune response. DCs interact with naïve T cells by delivering different 
types of signals. The first signal is delivered through the T cell receptor (TCR) after its 
engagement with the peptide-MHC complex expressed by the DC. The second signal is a 
co-stimulatory signal and is mediated by signaling through CD28 when it engages CD80 
or CD86 expressed by the DCs [313]. DCs also deliver a third signal to direct the T cell 
response towards a Th1, Th2, Th17 or regulatory T cell profile by producing different 
sets of cytokines. 
 
Subsequent production of IL-12, IL-18 or IFN-α by DCs results in a bias of the 
CD4+ T-cell priming towards a Th1 profile characterized by the production of high levels 
of IFN-γ and TGF-β, cytokines that are fundamental for defense against intracellular 
pathogens. DCs are also able to promote a Th2 cell response, characterized by the high 
production of IL-4, IL-5, IL-10 and IL-13, and induction of IgE antibodies. The induction 
of Th2 cell responses by DCs is still not completely understood, but the expression of 
members of the Jagged family of Notch ligands could play a role [314]. Lastly, 
production of TGF-β together with IL-6 by DCs can mediate the differentiation of Th17 
T cells. These cells are able to produce high amounts of IL-17 and seem to be involved in 
autoimmune diseases as well as in general inflammation [315] [316]. 
 
 Evidence suggests that host defense peptides are able to enhance and strengthen 
the nature of the immune response. For example when defensins were administered 
intraperitoneally with Keyhole Limpet Hemocyanin (KLH), higher KLH-specific 
antibody titers and KLH-specific proliferative responses were seen [150]. Ovalbumin-
specific immune responses were enhanced after intranasal co-administration of 
ovalbumin and HNP1-3 in C57/Bl mice [317] and intraperitoneal injection of HNP1-3 
and KLH of B-cell lymphoma idiotype Ag into mice enhanced the resistance to 
subsequent tumor challenge [150]. Fusion of beta-defensins mBD2 or mBD3 to a B–cell 
lymphoma epitope sFv38 induced stronger anti-tumor immune responses in mice [145, 
318]. Therefore host defense peptides have the potential to strengthen immune responses. 
The presence or absence of these peptides during disease can be advantageous or 
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disadvantageous depending on the immune environment. Moreover, fusion of the murine 
β-defensin 2 with the gene encoding the human immunodeficiency virus-1 glycoprotein 
120 (HIV gp120) resulted in specific mucosal, systemic, and CTL immune responses 
after immunization [145, 318].  
 
 Two major cell types, B cells and plasmacytoid DCs, express TLR9 and therefore 
can respond to CpG ODN stimulation. Stimulation of plasmacytoid DCs by CpG ODNs 
lead to secretion of type I IFN and TNFα. Those cytokines lead to the secondary 
activation of other immune cells such as Natural Killer cells, monocytes or neutrophils. 
The TLR9-stimulated plasmacytoid DCs are able to migrate to the T-cell zones of 
secondary lymphoid tissues, express greater amounts of costimulatory molecules, 
allowing them to activate naïve and memory T cells and cross-present antigens to CD8+ T 
cells. As a consequence, CpG ODN promote strong Th1 CD4+ and CD8+ T cell responses 
[29]. With its capacity to switch immune responses towards a Th1 profile, CpG ODNs 
are good candidates for prophylactic or therapeutic treatment of infectious diseases as 
well as vaccine adjuvants.  
 
 
6. Use of immunomodulators as future adjuvants 
 
Several types of vaccines are currently being used in humans and animals. These 
include live attenuated-, inactivated-, subunit- and DNA-vaccines. Live attenuated 
vaccines are the most immunogenic and their use is common practice in animals. 
However, because of safety concerns, only very few live attenuated vaccines are licensed 
for use in humans, Subunit vaccines, consisting of recombinant protein subunits, 
synthetic peptides and DNA vaccines are safer but often less immunogenic [319]. Thus, 
adjuvants are required that can enhance the immunogenicity of these vaccines.  
 
 Adjuvants can improve vaccine efficacy by i.) optimizing the delivery of the 
vaccine, ii.) increasing depot effect iii.) improving recruitment and activation of immune 
cells to the site of vaccination and iv.) modulating the immune response towards either a 
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Th1- or Th2-type immune response. DCs are key cells that link innate and acquired 
immunity. Thus, adjuvants that can enhance the recruitment and activation of DCs 
represent very promising adjuvant candidates for future vaccines. Indeed, the potential of 
CpG ODN and host defense peptides to enhance both innate and acquired immune 
responses against a variety of infectious agents has already been demonstrated in a large 
body of studies. It is our belief that future vaccines will be dramatically improved with 
the introduction of these ‘molecular adjuvants’, which will not only enhance the kinetics 
and magnitude of the immune response but also modulate the quality of the response to 
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Adjuvants are important components of vaccine formulations. Their functions include the 
delivery of antigen, recruitment of specific immune cells to the site of immunization, 
activation of these cells to create an inflammatory microenvironment, and maturation of 
antigen-presenting cells for enhancement of antigen-uptake and -presentation in 
secondary lymphoid tissues. Adjuvants include a large family of molecules and 
substances, many of which were developed empirically and without knowledge of their 
specific mechanisms of action. The discovery of pattern recognition receptors including 
Toll-like-, nucleotide-binding oligomerization domain (NOD)- and mannose-receptors, 
has significantly advanced the field of adjuvant research. It is now clear that effective 
adjuvants link innate and adaptive immunity by signaling through a combination of 
pathogen recognition receptors (PRRs). Research in our lab is focused towards the 
development of novel adjuvants and immunomodulators that can be used to improve 
neonatal vaccines for humans and animals. Using a neonatal pig model for pertussis, we 
are currently analyzing the effectiveness of host defence peptides (HDPs), bacterial DNA 
and polyphosphazenes as vaccine adjuvants. 
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Appendix D: Biological roles of host defense peptides: lessons from transgenic 
animals and bioengineered tissues (as published in Dybvig, Facci et al. 2011; 
Cell Tissue Res)[320] 
 
Abstract 
Host defense peptides (HDPs) have long been recognized as microbicidal agents, but 
their roles as modulators of innate and adaptive immunity have only more recently been 
appreciated. The study of transgenic animal and tissue models has provided platforms to 
improve our understanding of the immune modulatory functions of HDPs. Here, the 
characterization of transgenic animals or tissue models that over-express and/or are 
deficient for specific HDPs is reviewed. We also attempt to reconcile this data with 
evidence from human studies monitoring HDP expression at constitutive levels and/or in 
conjunction with inflammation, infection models, or disease states. We have excluded 
activities ascribed to HDPs derived exclusively from in vitro experiments. An 
appreciation of the way that HDPs promote innate immunity or influence the adaptive 
immune response is necessary in order to exploit their therapeutic or adjuvant potential 
and to open new perspectives in understanding the basis of immunity. The potential 
applications for HDPs are discussed. 
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Appendix E: Differential activation and maturation of two porcine DC 
populations following TLR ligand stimulation (as published in Auray, Facci et 
al. 2010; Mol Immunol)[92] 
 
Abstract 
Dendritic cells (DCs) are at the interface of innate and adaptive immune responses. Once 
activated via triggering of their pattern recognition receptors (PRRs), they acquire a 
mature state and migrate to the lymph nodes where they activate T cells and direct the 
immune response. Compounds that trigger PRRs are potential vaccine adjuvants, hence 
in this study we stimulated two porcine DC populations, namely monocyte-derived DCs 
(MoDCs) and blood DCs (BDCs), with a broad range of toll-like receptors (TLRs) 
ligands and assessed the activation/maturation state of these porcine DCs. In order to 
determine if TLR ligands would have an effect on porcine DCs, we characterized the 
expression of TLRs and demonstrated that MoDCs and BDCs expressed the same set of 
TLRs but at different levels. Of the TLR ligands examined, lipopolysaccharide (LPS) and 
poly I:C were the most potent activators of MoDCs, inducing the up-regulation of co-
stimulatory molecules CD80/86 and the chemokine receptor CCR7, and production of 
pro-inflammatory cytokines interleukin (IL)-6 and tumor necrosis factor (TNF)alpha. The 
most effective in inducing BDCs activation were LPS and class A CpG 
oligodeoxynucleotide (ODN), resulting in up-regulation of chemokine receptor (CCR)7 
and down-regulation of CCR2 and CCR5, production of IL-12p40, and expression of a 
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